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ABSTRACT 
Young dairy calves experience many stressors as they acclimate to their environment.  These 
stressors can impede intake and subsequent growth, create a depressed immune system allowing 
for a greater risk of infection and disease, and ultimately raise the cost to rear these animals.  
Trace minerals (TM) have been supplemented in diets to allow for optimal intake, growth, and 
immunity if and when a response to a stressor is needed.  Traditionally TM are supplemented in 
the form of either inorganic salts, such as oxides or sulfates, or in organic forms, such as 
proteinates or chelates.  Limited data are available on the effect of supplementing TM in hydroxy 
form; therefore, the goal of this study was to evaluate differences in intake, growth, and health 
status of calves fed milk replacer (MR) and starter grain supplemented with either sulfate or 
hydroxy sourced TM.  Male Holstein calves (n = 64) < 1-wk-old were transported from a 
commercial farm to the University of Illinois Nutrition Field Lab facility.  Upon arrival, calves 
were assigned to treatments in a 2 × 2 factorial arrangement of TM source in MR and TM source 
in starter grain in a randomized complete block design.  All calves were fed MR [28% crude 
protein (CP), 20% fat] at a fixed feeding rate (700 g/d of powder for wk 1, 950 g/d of powder for 
wk 2 to 6, and 450 g/d of powder for wk 7) and had ad libitum access to starter grain (22% CP) 
and water.  Both MR and starter grain were supplemented with either sulfate or hydroxy TM.  In 
MR Zn, Cu, and Mn were supplemented at 50, 10, and 50 mg/kg, respectively; starter grain was 
supplemented at 70, 17, and 60 mg/kg of Zn, Cu, and Mn, respectively.  Calves were fed MR 
twice daily (0500 and 1630 h) and were weaned on d 49.  Calves continued to have ad libitum 
access to water and starter until the end of the experiment at d 63.  Body weights and 
conformation measurements were taken on all calves on a weekly basis.  Milk replacer and 
starter intakes, respiratory scores, fecal scores, and any use of medications were monitored daily 
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and recorded.  Milk replacer and starter intakes were combined to calculate total intake.  Blood 
was sampled at d 14, 28, and 56 immediately before feeding and 4 h post feeding.  Blood plasma 
was used to evaluate concentrations of minerals, total protein, albumin, glucose, non-esterified 
fatty acids (NEFA), and urea nitrogen.  Chemical analysis of feeds revealed significant 
differences in the total concentration of Zn between sulfate- and hydroxy-supplemented MR (P = 
0.04) and starter grain (P < 0.01).  Total concentration of Mn also differed (P = 0.04) between 
sulfate- and hydroxy-supplemented starter grain.  Statistical analysis revealed a tendency for 
calves fed hydroxy-supplemented MR to have increased starter (P = 0.13) and total (P = 0.07) 
dry matter intake.  No differences in intake of MR, starter grain, or total dry matter were 
observed for the interaction of MR and starter grain.  Calves fed hydroxy MR had increased 
intakes of Zn (P = 0.01), Cu (P = 0.02), and Mn (P = 0.01).  Calves fed hydroxy TM from starter 
grain also had greater intake of Zn (P < 0.01), but similar intakes of Cu and Mn compared with 
calves fed sulfate starter grain. Initial body weight and body measurements were not different 
among treatments (P > 0.15).  Calves fed hydroxy MR had significantly greater final withers 
height than calves fed sulfate MR (P = 0.02).  Calves fed hydroxy MR tended to be taller than 
those fed sulfate MR (P = 0.06); however, calves fed sulfate starter were taller than those fed 
hydroxy MR (P = 0.02).  Blood mineral analysis indicated that overall Zn concentration was 
higher for calves fed hydroxy MR (P = 0.02) and was also greater on d 28 (P = 0.05).  Overall 
Cu and Mn concentrations were not different (P > 0.15); however, Cu concentration tended to be 
greater on d 28 for calves fed sulfate MR (P = 0.09).  Overall concentration of NEFA was greater 
in calves consuming hydroxy MR (P = 0.05).  No differences in the overall concentrations of 
albumin, total protein, glucose, and urea nitrogen were detected (P > 0.15).  Calves consuming 
hydroxy MR were 0.56 times as likely as calves fed sulfate MR to have an occurrence of scours 
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(P = 0.02).  Additionally, calves on treatment HS (hydroxy MR plus sulfate starter) were 0.41 
and 0.45 times as likely as treatments SH (P = 0.01) and SS (P = 0.03) to have an occurrence of 
scours.  A medicated event tended to be 0.53 as likely to happen for calves fed hydroxy MR 
compared with calves fed sulfate MR (P = 0.10).  Calves on treatment HS tended to be 0.32 and 
0.34 times as likely as treatment SH (P = 0.06) and SS (P = 0.07) to have a medicated event.  
The duration of a scour event was shorter for calves on treatment HS when compared with calves 
on treatment SS (P < 0.01).  Additionally, calves on treatment HS had fewer cumulative days of 
medication compared with calves on treatment SS (P = 0.02).  Findings from this study 
suggested greater Zn absorption in calves fed hydroxy MR, although this was confounded by 
greater Zn intake in those calves.  It was concluded that calves fed hydroxy TM, specifically in 
the MR, consumed slightly more total dry matter and were healthier than calves fed sulfate TM.    
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INTRODUCTION TO THESIS 
 The growth and health of a dairy calf should be the two top priorities for a producer.  
How well the calf does in these two categories can translate into increased productivity when the 
heifer enters the lactating herd.  Producers should strive to give their calves the greatest chance at 
growing efficiently while avoiding unnecessary stressors, such as disease, which may impede 
success in the calf program.  Trace minerals have long been established as essential 
micronutrients for proper health and development of animals.  Experimental trials on a variety of 
species have been conducted in order to understand how trace minerals play a role in nutrient 
metabolism, immunity, growth, and many other physiological processes.  Given the emphasis on 
greater growth rates and efficiency for milk-fed dairy calves in recent years, it is important that 
all required nutrients are optimized for milk replacer and starters to support that growth, while 
maintaining proper immune function.  The source of the trace minerals can also be important to 
consider, as studies have suggested varying bioavailabilities for different sources.  Earlier trace 
mineral studies utilized inorganic salts, such as oxides, carbonates, and sulfates, deeming sulfates 
as the superior inorganic trace mineral source for bioavailability.  These inorganic sources have 
been used in animal nutrition for a long time and continue to be a cost-effective way to 
supplement minerals into a feeding program.  Organically sourced trace minerals are an 
alternative trace mineral source comprised of a metal ion covalently bonded to an organic 
molecule, such as an amino acid, protein, or polysaccharide.  Some studies have shown increased 
growth and immune response in animals supplemented with organic trace minerals.  It is 
believed that organic trace minerals are at least, if not more, bioavailable in the intestinal tract 
than their inorganic counterparts.  These results, however, are varied and organic trace minerals 
come at a higher cost to feed than inorganic sources.  Studies of a third source, known as 
xv 
 
hydroxy trace minerals, claim greater bioavailability than inorganic trace mineral sources and 
comparable, if not greater, bioavailability than organic trace mineral sources.  Additionally, 
hydroxy trace minerals are cheaper to incorporate into feeding programs compared with organic 
trace minerals.  Effects of hydroxy trace mineral supplementation have yet to be evaluated in the 
pre-ruminant dairy calf.  Our hypothesis is that hydroxy forms of Cu, Mn, and Zn will improve 
growth and health of young calves fed for high growth rates compared with sulfate forms.  This 
project aims to compare the growth, health, and intake of dairy calves fed sulfate sourced Zn, Cu, 
and Mn with calves fed hydroxy sources of the same minerals. 
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Chapter 1. Literature Review 
HISTORY OF ZINC, COPPER, AND MANGANESE IN ANIMAL PRODUCTION 
 Before the middle of the 19th century, knowledge of the origin and functions of minerals 
in both plant and animal tissues was uncertain (Suttle, 2010).  Swedish chemist, Gahn discovered 
that calcium and phosphates were the primary components of bone ash in the 17th century and in 
1791, Fordyce’s work began to hint at a possible nutritional significance of these relative inert 
substances.  By 1874, Forster established the necessity of minerals found in the ash of tissue in 
order to support animal life (McCollum, 1957).  Most of what was learned about these nutritional 
elements arose from the need to solve critical health problems that stemmed from both humans 
and domestic animals alike (McDowell, 2003a).  It wasn’t until methods were established to both 
identify and measure minerals in tissues and feeds and to characterize the effects of these pure 
elements that scientific fact could take hold over the supposition of these elemental effects.  An 
excellent table, illustrating major findings in mineral history can be found in the book “Minerals 
in Animal and Human Nutrition” (McDowell, 2003a). 
 Mineral nutrition was considered to be of minimal importance within domestic animal 
nutrition as late as the early 1900s (Ammerman and Goodrich, 1983).  Most of the knowledge of 
mineral needs for animals that was obtained through trial and error throughout centuries of work 
was never recorded, making it difficult to establish nutritional guidelines at the time (Loosli, 
1978).  Within the late 1920s and 1930s, Wisconsin researchers conducted novel trials with rats, 
feeding purified diets free of several trace minerals, copper (Cu), zinc (Zn), and manganese (Mn) 
(Underwood, 1977).  Their findings indicated that these purified diets could not sustain the 
normal development of these rats and that these minerals were considered essential for health.  
The extension of this research was done on livestock, where studies evaluated the mineral 
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concentrations of diets fed to animals throughout the world.  Findings indicated that Cu and 
cobalt were deficient in animals found in North America, Australia, and Europe.  Furthermore, 
studies by Smith and Schwarz (1967) found that selenium, once thought to be toxic to livestock, 
was actually essential to these animals. By 1981, 22 minerals were believed to be essential for 
animal including seven macro minerals: calcium, chlorine, magnesium, phosphorus, potassium, 
sodium, and sulfur; and 15 micro, or trace, minerals: arsenic, chromium, cobalt, Cu, fluorine, 
iodine, iron, Mn, molybdenum, nickel, selenium, silicon, tin, vanadium, and Zn (Suttle, 2010). 
 Records have indicated that Zn has been utilized by man for over 2000 years, dating as 
far back as the Egyptian times (McDowell, 2003a).  Experimental findings in 1869 found that Zn 
was required for the growth and proliferation of Aspergillus niger, a well-known fungus.  The 
first evidence that Zn was needed for the growth and health of animals was in 1934 by two 
groups, one experimenting in mice (Bertrand and Bhattacherjee, 1935) and the other in rats 
(Todd et al., 1934). Zinc deprivation trials were conducted on livestock species throughout the 
mid-20th century, starting first with studies done in chicks (O'Dell and Savage, 1957) and pigs 
(Stevenson and Earle, 1956) and done later in lambs (Ott et al., 1964) and calves (Mills et al., 
1967).  Symptoms of deprivation appeared common across all species and included decreased 
growth, loss of appetite, appendage abnormalities, and reproductive failure (Suttle, 2010).  
Studies since then have revealed hundreds of enzymes that are reliant on Zn (Vallee and Falchuk, 
1993) and a much greater number of functional Zn proteins (Coleman, 1992).  Currently, the 
knowledge base on Zn is quick vast; however, there are still metabolic pathways and 
physiological functions of Zn that have yet to be understood.  Within livestock production it is 
well understood that Zn plays a role in gene expression, appetite control, fat metabolism, and 
antioxidant defense (Suttle, 2010). 
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 Cu was discovered in plant and animal tissue in the early 19th century.  In 1928, Hart and 
Elvejhem (McDowell, 2003b) concluded that Cu was needed for proper hemoglobin formation 
and growth.  Not long after, studies on grazing ruminants linked many wasting diseases 
commonly exhibited by these animals to Cu, one of which was an ataxic disease of newborn 
lambs known as swayback (Bennetts and Chapman, 1937).  They found that lambs deficient in 
Cu exhibited swayback; however, the disease could be reversed when Cu was supplemented in 
the diet. In 1956, a relationship between Cu, molybdenum, and sulfur was established, linking 
differences in metabolism of Cu to varying concentration of molybdenum and sulfur in the diet 
(Dick, 1956).  This work was a consequence of high prevalence of cattle teart, brought on by 
excessive molybdenum in the diet, as well as chronic Cu poisoning of sheep and cattle, brought 
on by low amounts of molybdenum in the diet.  Suttle (1991) explained that most Cu disorders 
were a result of an imbalance in this three way interaction, and further explained that Cu 
disorders rarely occur in non-ruminants.  This led to the belief that these reactions are prominent 
in the rumen and can ultimately influence the ability of these minerals to be absorbed by the 
ruminant in the intestinal tract.  Recent research has focused on understanding of the absorption, 
transportation and incorporation of Cu into metabolic and physiologic systems. 
 Researchers discovered in the early 1900s that Mn occurs in constant amounts in both 
tissues and organs of plants and animals (McDowell, 2003c), except for increased concentration 
within reproductive organs (Scott et al., 1982).  Manganese was found to be essential for growth 
and reproduction in laboratory mice in 1931.  Shortly after, Mn became of interest in livestock 
nutrition because of two diseases in poultry, perosis and nutritional chondrodystrophy, which 
could be corrected when Mn was supplemented in the diet (Schaible et al., 1938).  Studies of Mn 
deprivation were conducted in pigs (Johnson, 1943), cattle (Bentley and Phillips, 1951), and 
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sheep (Lassiter and Morton, 1968) several years later, demonstrating bone abnormalities for all 
three species.  Later studies have established that immune and central nervous system functions 
are impaired when Mn has been severely depleted (Suttle, 2010).  In recent years, Weiss and 
Socha (2005) found that cattle fed to NRC (2001) requirements were being underfed Mn, 
impairing some of the normal functions carried out by Mn. 
BIOLOGICAL FUNCTIONS OF ZINC, COPPER, AND MANGANESE IN ANIMAL 
PRODUCTION 
 As mentioned previously, much of what is known about trace minerals resulted from trial 
and error experimentation that involved limiting, or even eliminating, sources of trace minerals 
(TM).  Experts today understand the majority of functions that each TM play in the body, 
however the pathways in which they carry out their functions are not entirely understood.  As 
explained by Suttle (2010), minerals accomplish four broad types of function in animals: 
structural, physiological, catalytic, and regulatory.  It is becoming increasingly apparent that the 
same mineral can carry out a multitude of functions within a plant or an animal, reinforcing the 
concept that each should be fed in proper amounts as to ensure the proper development and 
health of the organism.  Minerals typically take their functional form in metalloenzymes, or 
metal containing enzymes, or can be incorporated in regulatory proteins where the number and 
position of the minerals determines the function of that protein.  The following paragraphs, albeit 
briefly, summarize the long list of functions that are executed by Zn, Cu, and Mn within an 
animal. 
Zinc 
 Zn has been linked to a variety of functions that range from immune functions to nutrient 
metabolism.  It has been shown that at least 1 Zn-requiring protein is needed for almost every 
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signaling and metabolic pathway in a mammalian species (Cousins et al., 2006).  One of its most 
prevalent functions is its role in antioxidant defense where it, in addition to Cu, is a component 
of superoxide dismutase (SOD), scavenging reactive oxygen species that are a product of 
oxidative stress (Saker, 2006).  There are two types of CuZnSOD where one functions 
exclusively in the cytosol of cells (CuZnSOD1) and the other which functions in the extracellular 
matrix (CuZnSOD2).  Additionally, Zn has been found to promote the synthesis of 
metallothionein (MT), a metalloprotein which has the ability to scavenge for free radicals 
(Beattie and Trayhurn, 2002).  Furthermore, the immune system has a large turnover rate of cells 
and Zn has been shown to aid in the proliferation, differentiation, and apoptosis of these cells 
(Haase et al., 2006).  This becomes particularly important when the organism is challenged with 
a pathogen.  Even the smallest of changes of Zn concentrations can have an impact of the well-
being of the thymus and subsequently effects T-cell development and function (McDowell, 
2003d).  Evidence for decreased cytokine production from T and B cells has been obtained in 
mice infected with gut nematodes and given a diet with low amounts of Zn. 
 In addition to its link with immune function, Zn has been well documented to have a role 
in gene expression.  Over 2000 transcription factors are required for their structural and 
functional integrity (Beattie and Kwun, 2004).  Zinc fingers, proteins that are typically associated 
with transcription factors, utilize Zn which provides rigidity to the protein (Berg, 1990).  This 
allows the protein to more accurately acknowledge a specific strands of DNA, promoting or 
inhibiting RNA polymerase or other transcription factors.  Hurley (1981) demonstrated that fetal 
growth is directly influenced by the amount of Zn in the maternal diet.  It was speculated that 
teratogenic defects are more prevalent when a deficiency in Zn is observed, resulting in 
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depressed gene expression when cells are rapidly dividing, differentiating, and growing 
(Chesters, 1992). 
 Nutrient consumption and absorption are influenced by dietary Zn.  This inherently 
becomes a major discussion in animal production as the ultimate goal is to produce large, 
efficient animals in our farm systems.  Studies have linked Zn to a several key appetite 
regulating hormones, including cholescystokinin (Cousins et al., 2003) and leptin (Kwun et al., 
2007), a cytokine hormone excreted from adipocytes that acts as a satiety signal.  Increases in 
these two hormones occur when Zn is deficient, causing reduced intake of feed because the 
animal feels satiated.  Additionally, when Zn deprivation occurs, a reduction of the enzyme 
pyruvate kinase has been found (Beattie et al., 2008), and glucose concentrations remain 
elevated in the body.  This is thought to be due pyruvate kinase’s close relationship to insulin.  
Furthermore, animals who were deprived of Zn and had low concentrations of vitamin A and E 
in the plasma and liver and exhibited a decreased ability to absorption fat from consumed 
digesta.  This is thought to be due to a reduction in the Zn-dependent pancreatic enzyme 
phospholipase A2, which hydrolyzes phosphatidylcholine and facilitates the absorption of 
phosphatidylcholine and the formation of chylomicrons (Kim et al., 1998).   
 Other functions of Zn include skin and wound healing (Miller et al., 1979), proper water 
and cation balance, protection for cellular membranes, and many other functions that are too 
numerous to list (Suttle, 2010). 
Copper 
 Like Zn, Cu serves a multitude of functions that are too numerous to list in this review.  
As an essential TM, the functions it serves are vital to the development and health of an animal.  
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Below are several functions of Cu that are major to the physiological and metabolic functions of 
an animal. 
 Copper is a constituent of many enzymes that serve a wide variety of purposes.  Most 
notably, Cu is part of the metalloenzyme cytochrome c oxidase (CCO), an essential enzyme in 
the process of cellular respiration (McDowell, 2003b).  Studies have demonstrated that low CCO 
activity may lead to several dysfunction, most noticeably the impairment of respiration bursts 
found in neutrophils, causing a decrease in its immunological function (Jones and Suttle, 1987).  
Low CCO activity in the liver has occurred in Cu deficient cattle (Mills et al., 1976), however 
there is typically a surplus of CCO in all other tissues, indicating respiration is not typically 
impaired (Smith et al., 1976).  In addition to CCO, Cu is necessary for the function of 
ceruloplasmin (CN), a multi-functional enzyme involved in iron metabolism and Cu 
transportation (Hambidge and Nichols, 1978).  Cerruloplasmin is also necessary for the storage 
of iron into the protein ferritin (Saenko et al., 1994).  A deficiency in Cu can decrease the 
metabolism of iron from its ferrous form to ferric form, creating a decrease in the amount of iron 
stored by the animal.  Copper, as well as iron, are also essential for the hemoglobin synthesis.  
Copper serves as a catalyst in hemoglobin synthesis, converting iron to a functional form that can 
be used for hemoglobin synthesis.  Anemia can develop with Cu deficiency (McDowell, 2003b). 
 Cashman and Flynn (1998) recognized that collagen fails to undergo crosslinking and 
maturation when Cu is deficient.  Lysyl oxidase, a Cu-containing enzyme, is necessary for cross-
linking and maturation to occur.  Deficiencies in Cu indicated a reduced activity of lysyl oxidase, 
resulting in reduced structural rigidity and elasticity of connective tissues. A compromised 
structure of connective tissue can jeopardize many physiological processes, including wound 
healing and the integrity of blood vessels (Linder, 1996; Rucker et al., 2006). 
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 Similar to Zn, Cu contributes to immune cell function and antioxidant defense.  Harris’ 
(1997) experiment with Cu-deficient mice resulted in depressed B- and T-lymphocyte numbers 
and these cells were functionally impaired.  Neutrophil and monocyte function (Wintergerst et 
al., 2007) as well as antibody production (Smith et al., 2008) are all altered when Cu 
concentrations fluctuate. Additionally, the respiratory burst of macrophages is compromised 
when Cu concentrations are deficient.  In dairy heifers, marginal Cu deficiency reduced the 
polymorphonuclear neutrophil killing of Staphylococcus aureus (Torre et al., 1996).  Miller et al. 
(1979) concluded that Cu’s relationship to the immune systems lies in its affiliation with SOD 1 
and 3, which scavenge for reactive oxygen species and mitigate the occurrence of oxidative 
stress. 
 Bacterial infection can become more of an issue with Cu deficient animals.  Increased 
mortality in sheep caused by bacterial infection was found to be a result of Cu deficiency (Chew, 
2000).  Copper deficient cattle presented neutrophils that were unable to successfully kill 
engulfed bacteria when challenged (Boyne and Arthur, 1986).  Additionally, hypocupremia in 
cattle resulted in lowered antibody response to Brucella abortus antigen (Cerone et al., 1995).  
During times of stress, Cu concentration and CN increase (Cousins, 1985).  Cerruloplasmin has 
also been shown to scavenge free radicals, similar to the SODs, giving it some antioxidant 
capacity (Saenko et al., 1994).  Copper deficiency in heifers (Arthington et al., 1996) and calves 
(Gengelbach et al., 1997) resulted in a decrease in circulating CN and consequently reduced the 
immune response and antioxidant defense of these animals.   
 The integrity of the central nervous system is also linked with the concentration of Cu in 
the body.  Swayback in lambs is caused by deficient Cu concentrations and results from the 
reduction of cytochrome oxidase activity and incomplete myelin sheath formation (Howell and 
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Davison, 1959).  Copper deficiency also reduces the concentration of dopamine and 
norepinephrine, two neurotransmitters.  Reproductive failure is commonly exhibit in animals fed 
diets deficient in Cu (Suttle, 2010).  This is thought to be caused by defects in red blood cell and 
connective tissue formation during early embryonic life. 
Manganese 
 Manganese has been found to function both as an enzyme activator and as part of a 
metalloenzyme structure.  Enzymes that are activated by Mn include hydrolases, kinases, 
decarboxylases, and transferases (Groppel and Anke, 1970).  Manganese is typically the priority 
cation used to activate these enzymes, however exceptions can be made where another cation, 
especially magnesium, can be substituted with little or no loss in enzyme function (McDowell, 
2003c).   Pyruvate carboxylase and Mn SOD are metalloenzymes that incorporate Mn in their 
structure.  It is believed that Mn is required for normal lipid and carbohydrate metabolism 
through the activity of pyruvate carboxylase (Andrieu, 2008).  Diets low in Mn resulted in lower 
fat deposition for both pigs (Plumlee et al., 1956) and newborn goats (Anke et al., 1973). 
 Similar to the CuZnSOD, MnSOD is involved in scavenging reactive oxygen species; 
however, MnSOD is primarily located in the mitochondria of cells.  As the name implies, 
MnSOD utilizes Mn to aid in maintaining the structure and function of the dismutase.  Because 
mitochondria are responsible for 60% of cellular O2 consumption, they can become highly 
susceptible to reactive oxygen species, making MnSOD a vital part of antioxidant defense 
(Harris, 1997).   Manganese deprivation lowers MnSOD activity within the heart (Davis et al., 
1992) and increases peroxidative damaged associated with large concentrations of 
polyunsaturated fatty acids (Malecki and Greger, 1996).  Compensatory increases in CuZnSOD 
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during this situation has allowed researchers to believe that there may be some overlapping 
effects of these enzymes and that possible interactions between dietary Cu and Mn may exist. 
 Early studies of Mn had linked the TM to reproductive development and performance.  
Hidiroglou (1975) studied the reproductive tissues of both normal and anestrous ewes, revealing 
a possible role Mn could have in the functioning of the corpus luteum.  The notion that Mn 
deficiency inhibits the synthesis of certain sex hormones, causing infertility in animals was first 
described by Doisey (1973).  Recent findings however suggest that cholesterol concentrations 
and conception rate are unaffected by Mn deficiency in heifers (Hansen et al., 2008).  Testicular 
growth has been stunted in ram lambs that have been fed diets low in Mn (Masters et al., 1988) 
and laying hens have shown decreased rates of egg production, poor egg shell quality, and 
embryonic deficiency when Mn was deficient (McDowell, 2003c). 
 Manganese is necessary for the development of the organic matrix of bone, comprised 
primarily of mucopolysaccharides.  Glycosyltransferases, which are activated by Mn, are 
responsible for the synthesis of these mucopolysaccharides and with a Mn deficient animal bones 
would be shorter and thicker, ultimately stunting the growth of these animals (Harris, 1997).  
Additionally, Mn has been shown to play a role in bone mineralization, which was exemplified 
in Mn deficient rats with lower calcium concentrations in bone as well as difference in overall 
bone mineralization (Strause et al., 1986).  Prothrombin, a glycoprotein involved in the clotting 
of blood, is also activated by glycosyltransferase and is affected by varying concentrations of 
Mn.  The clotting response from vitamin K in chicks was reduced with lower concentrations of 
Mn (Doisy, 1973). 
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 In addition to the aforementioned functions, Mn serves a purpose in cellular membrane 
integrity in multiple tissues (Bell and Hurley, 1973) and deficiency of Mn has been associated 
with convulsions, both in rats (Hurley et al., 1963) and humans (Papavasiliou et al., 1979). 
ABSORPTION AND BIOAVAILABILITY OF ZINC, COPPER, AND MANGANESE 
SUPPLIED FROM DIFFERENT SOURCES 
 For nearly every mineral used in animal feeds, there are several different sources from 
which these minerals can be supplied.  Typically, mineral sources can be categorized as either 
inorganic or organic.  Inorganic TM are those that are ionically bonded to an inorganic salt, such 
as sulfates or oxides.  Organic TM are those that are covalently bonded to any compound 
containing carbon, such as a protein, amino acid, or sugar.  Recently, a new TM source was 
established, known as hydroxy TM.  Hydroxy TM are considered inorganic, however, they are 
formed by covalent bonds within a crystalline matrix (Arthington, 2015).  Unlike an organic TM 
that is covalently bound to a ligand, a hydroxy TM is covalently bound to a hydroxy group.  
Hydroxy TM dissociate at a lower pH, making them more stable in a neutral pH environment, 
such as the rumen.  This becomes critical when feeding TM to ruminants, where the microbiome 
of the rumen is the first to interact with the nutrients the animal consumes.  This has been one of 
the major selling points to hydroxy TM over organic and inorganic sources. 
Any research involving minerals usually reports the source of TM used when results are 
presented.  As an additional step in their findings, researchers may assess the bioavailability of 
the minerals used in the study as a way to conclude which source may be superior in delivering a 
higher proportion of minerals given the total amount provided.  The following paragraphs will 
present both the mechanism of and factors influencing the absorption of Zn, Cu, and Mn as well 
as bioavailability data on inorganic and organic sources of Zn, Cu, and Mn, providing insight on 
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which sources may be more bioavailable when compared with others.  It will conclude with an 
evaluation of hydroxy TM bioavailability compared with inorganic and organic sources. 
Zinc 
 Zinc absorption is influenced by many factors including Zn status in the animal, total Zn 
content in diet, concentration of antagonistic factors in the diet, and the availability of soluble Zn 
from the diet given (Lönnerdal, 2000).  Absorption occurs in all areas of the intestinal tract, but 
Zn is absorbed mostly in the jejunum of both ruminants and nonruminants (Klasing et al., 2005).  
Ruminants also experience absorption through the rumen wall (Georgievskii et al., 2013).  
Uptake in the small intestine occurs via two processes: a non-mediated process, not affected by 
dietary Zn, which requires no energy and is thought to be diffusion of Zn into the mucosal cells 
(Cousins, 1996) and a mediated process stimulated by Zn depletion in the body.  A metal binding 
protein, MT, is thought to sequester Zn in the mucosal cells when Zn intake or plasma 
concentrations are high, ultimately playing a role in the homeostatic control of Zn (Cousins, 
1996).  Aqueous sources of Zn, free of food and animal products, are most efficiently absorbed 
by the body.  Dietary factors can influence the amount of Zn that is bioavailable for the animal to 
absorb from the diet.  Animals whose diet is high in plant material, especially legumes and cereal 
plants, are at risk for consuming higher amounts of phytate, which can be detrimental to the 
amount of Zn that is bioavailable in the intestinal tract.  There are several types of phytate in 
plant material and typically inositol hexaphosphates and pentaphosphates are the types that will 
irreversibly bind to Zn, rendering it unavailable to the animal (Lönnerdal, 2000).  It should be 
noted however, that phytates with smaller quantities of phosphate have little to no impact on Zn 
availability.  Other dietary components that can decrease bioavailability include high dietary 
amounts of Cu and cadmium, which increases the affinity of MT to bind Zn (Miller et al., 1979), 
calcium and phosphorus, both of which are affiliated with phytate content (O’Brien et al., 2000), 
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and iron, which is thought compete for similar pathways of absorption (Ammerman et al., 1995).  
The efficiency of Zn absorption ranges from 15 % to 60 % (McDowell, 2003d) with absorption 
typically being greater in growing than mature animals. 
 Sources of supplemented Zn in the feed industry are split into inorganic and organic 
sources. Inorganic sources include Zn oxide (ZnO) and Zn sulfate (ZnSO4), where Zn sulfate is 
typically used as the standard when assessing bioavailability of other sources of Zn (Ammerman 
et al., 1995).  Organically sourced Zn encompasses a variety of products which include metal 
amino acid complexes, metal amino acid chelates, metal proteinates, and metal polysaccharide 
complexes (Spears, 1996).  Comparisons of Zn sources have produced variable results across 
species.  Zinc methionine, proteinate, and polysaccharide complex all proved to be more 
bioavailable in swine when compared with oxide and sulfate forms (Rupić et al., 1997).  These 
results were contradicted by Wedekind et al. (1994) where neither Zn methionine nor lysine 
were as bioavailable as Zn sulfate.  Zinc sources and concentrations were evaluated in Holstein 
calves, where results showed that source did not have an effect on plasma and tissue Zn 
concentration when they were supplemented at traditional concentrations (20 mg/kg of Zn) 
(Wright and Spears, 2004).  However, in that same experiment, calves that received an elevated 
dose of Zn for 14 d had increased concentrations of Zn in the intestinal epithelium when 
supplemented with Zn methionine or Zn proteinate but not Zn sulfate.  This seems to suggest that 
when Zn is fed in excess, organically sourced Zn has a greater bioavailability than the traditional 
sulfate, or especially oxide, sources.  In growing heifers, average daily gain was greater for 
animals that were supplemented with Zn methionine when compared with a control group with 
no supplementation and heifers supplemented with Zn oxide (Spears, 1989).  Zinc plasma 
concentration was not different between heifers supplemented with Zn oxide or Zn methionine as 
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well as the control group that was not supplemented with Zn.  Kellogg et al. (2004) reviewed the 
effects of feeding Zn methionine to dairy cows and found that supplementation with this source 
reduced somatic cell counts.  Furthermore, Cope et al. (2009) evaluated performance and health 
of high lactating dairy cattle supplemented with either Zn oxide or chelated Zn.  Findings 
showed no differences in intake, milk composition, or blood hematology between sources; 
however, cows supplemented with chelated Zn showed increase milk production over those 
supplemented with Zn oxide.  The commonality of most of these studies demonstrates marked 
improvements in growth and health of an animal supplemented with Zn compared with an 
animal that is not.  Variable findings suggest that either organically sourced Zn is more 
bioavailable than inorganic sources or that is comparable to inorganic sources.  
Copper 
 Absorption of Cu has key differences between non-ruminant and ruminant animals.  Non-
ruminants typically absorb Cu at a rate of 30 to 75% of dietary intake (Linder, 2002); whereas, 
ruminant absorption is relatively low at 1 to 10% of dietary intake (Suttle, 2010).  This low 
absorption of Cu is due to the Cu-sulfur-molybdenum reactions in the rumen, where in the 
presence of sulfides, high amounts of molybdate will react and form thiomolybdate.  
Thiomolybdate will then bind with Cu, yielding the highly insoluble Cu thiomolybdate, which 
will be unavailable for the ruminant to utilize (McDowell, 2003b).  Copper may also bind with 
just sulfides in the rumen, producing Cu sulfide, which is also highly insoluble (Suttle, 2010). 
Young ruminants that do not have a functioning rumen absorb Cu at rate that would be 
comparable to a non-ruminant (75%).  The small intestine is the primary site of absorption, with 
the most absorption occurring at the duodenum (McDowell, 2003b).  The percentage of Cu 
absorbed is directly influenced by the amount of dietary Cu present (Klasing et al., 2005).  
Similar to Zn, Cu uptake is regulated by MT in the intestinal mucosa.  Copper bound to MT is 
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unavailable for absorption into the portal blood and will be excreted in the feces.  It has been 
shown that MT has a higher affinity for Cu relative to Zn (Harris, 1997).  High dietary Zn can 
induce synthesis of MT and decrease absorption of Cu, creating an antagonistic response 
between Zn and Cu.  Other dietary factors that decrease Cu absorption include high 
concentrations of phytate, calcium, sulfur, iron, Mn, and cadmium (McDowell, 2003b).  Copper 
is absorbed via two mechanisms, one saturable and the other unsaturable, suggesting both active 
and passive transport is involved. It is then transported to the liver by binding to either albumin 
or transcuprein where it can be stored, excreted via the bile, or distributed to the rest of the body 
via CN. 
 Supplementation of Cu can be quite delicate, as excessive supplementation of Cu can 
lead to toxic concentrations in several livestock species that are more sensitive to varying 
concentrations (Klasing et al., 2005).  Inorganically sourced Cu is fed almost exclusively as Cu 
sulfate (CuSO4) rather than cupric oxide (CuO) which has been shown to be unavailable for 
calves and cattle (Kegley and Spears, 1994), chicks (Baker et al., 1991), and swine (Cromwell et 
al., 1989).  The ineffectiveness of cupric oxide is due to its relatively high passage rate in the 
digestive tract and inability to solubilize in acidic conditions given its short resident time.  Cupric 
oxide needles have been used to effectively supplement ruminant animals, providing a slower 
release of Cu in the digestive tract for a period of several weeks.  Multiple studies have been 
conducted on the bioavailability of organic Cu sources relative to inorganic sources, yielding 
variable results (Spears, 2003).  Copper proteinate was found to be more bioavailable than Cu 
sulfate in some cattle studies (Kincaid et al., 1986; Ward et al., 1996), but not in others 
(Wittenberg et al., 1990).  Lysine sourced Cu yielded similar bioavailability compared with 
sulfate sourced Cu (Kegley and Spears, 1994); however, during times of stress, Cu lysine was 
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absorbed and retained at a higher concentration relative to Cu sulfate (Nockels et al., 1993).  In 
swine, a two part study indicated growth performance and efficiency was significantly greater in 
pigs fed Cu lysine over Cu sulfate (Zhou et al., 1994) and bioavailability of organic Cu was 
greater for chicks over sulfate forms (Guo et al., 2001).  Where most of these studies have shown 
increased performance and bioavailability in organically sourced Cu, Suttle (2010) has reviewed 
several cattle and sheep papers and has concluded that these claims are “extravagant”.  He did 
not find any sustained advantage that Cu proteinate or specific amino acid Cu complexes may 
have over sulfate sources and concluded that sulfate supplementation is still a viable option.  
Evidently, a consensus of which source of Cu to supplement has not been met.  
Manganese 
 Absorption of Mn is relatively constant along the intestinal tract of most species; 
however, absorption of dietary Mn, in most biochemical forms, is relatively low (McDowell, 
2003c).  Apparent absorption of radio labeled oral doses of Mn was between 1 and 5% in 
livestock (Hurley and Keen, 1987).  Manganese absorption and liver concentrations in young 
calves have been shown to be considerably higher when compared with their dams that were fed 
a similar concentration of Mn in the diet (Howes and Dyer, 1971).  Measuring the true 
absorption of Mn can become complicated, as absorbed Mn can rapidly be excreted in the bile to 
maintain homeostatic concentrations in the body (Malecki et al., 1996).  Distinguishing Mn that 
was absorbed and excreted in the bile from Mn that was never absorbed can be difficult, and is 
usually included as Mn that is not absorbed and found in the feces.  Manganese absorption is 
found to be inversely related to the dietary amounts of Mn (Abrams et al., 1976). Absorption 
occurs via two processes: a low capacity saturable process and by simple diffusion into the gut 
epithelium (Klasing et al., 2005).  Similar to Zn and Cu, Mn absorption is decreased by high 
concentrations of phytate, calcium, phosphorus, magnesium, and iron.  Iron competes with Mn 
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for similar binding sites for absorption and transport, concluding that high concentrations of 
either mineral can cause deficiencies in the other (McDowell, 2003c). 
 Early studies in Mn source have been evaluated in poultry and sheep.  Relative 
bioavailabilities of Mn carbonate (MnCO3), Mn dioxide (MnO2), and Mn monoxide (MnO) were 
significantly lower than Mn sulfate (MnSO4) in both species, making Mn sulfate the more 
superior inorganic source (Henry et al., 1995).  Like Zn and Cu, bioavailability studies have 
produced variable results between inorganic and organic sources (Klasing et al., 2005).  Henry et 
al. (1995) found Mn methionine to be 120% more bioavailable and Smith et al. (1995) found Mn 
proteinate to be 125% more bioavailable when compared with Mn sulfate.  When fed in addition 
to Zn methionine, Mn methionine-fed calves had higher weaning weights compared with calves 
that were not supplemented and calves that were supplemented with Zn and Mn oxide (Spears 
and Kegley, 1991).  The addition of Mn polysaccharide complex to a growing heifer diet resulted 
in a decreased service per conception rate; however, no control was used in the experiment 
(DiCostanzo et al., 1986).  In recent years there have been several studies that have looked at 
organic Mn sources and their bioavailability relative to sulfate Mn.  Suttle (2010) has expressed 
concern about these studies as the circumstances presented in these studies are somewhat 
heterogeneous.  In one of the studies mentioned, Mn sulfate and 15 organic Mn sources were 
evaluated, testing concentrations of bone Mn, heart Mn, and heart MnSOD (Li et al., 2004).  Of 
the 15 sources, only one had an advantage in heart MnSOD, where all others had comparable 
concentrations compared with Mn sulfate.  Additionally, there are many other studies that have 
differences in test conditions, purity of source, and varying response levels, all of which made 
Suttle skeptical when reviewing differences between inorganic and organic sources (Suttle, 
2010).  He has concluded that the addition of organic sources of Mn are unlikely to cause a 
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noticeable improvement in growth and health of an animal compared with sulfate or oxide 
sources. 
Hydroxy Sourced Zinc, Copper, and Manganese 
 As previously mentioned, hydroxy sourced TM are relatively new compared to inorganic 
and some organic sources.  Micronutrients, the company who produces Zn hydroxy chloride 
[Zn5(OH)8Cl2•(H2O)], basic Cu chloride [Cu2Cl(OH)3], and Mn hydroxy chloride [Mn2Cl(OH)3],  
advertise their increased bioavailability over inorganic and even organic sources.  Research 
throughout multiple species has tested this hypothesis and, similar to the comparison of organic 
and inorganic sources, has produced variable results. 
 Genther and Hansen (2015) evaluated the solubility of Zn, Cu, and Mn hydroxy and 
sulfate forms in the rumen and abomasum. It was found that hydroxy Cu and Mn were less 
soluble in the rumen compared with their sulfate counterparts.  The Cu and Mn results agreed 
with their hypothesis, however, Zn did not.  It was speculated the portion of soluble Zn sulfate 
may have become bound to other dietary factors in the rumen, like phytate.  This would decrease 
the amount of soluble Zn sulfate in the rumen and falsely demonstrate a higher hydroxy Zn 
solubility, even when this source did not bind to other factors.  Although hydroxy Zn solubility 
was unexpectedly higher, lower hydroxy Cu solubility in the rumen could mean a reduction in 
the reactions between Cu, sulfur, and molybdenum that create Cu thiomolybdate or Cu sulfide, 
making Cu unavailable.  Under acidic conditions hydroxy Cu was equally as soluble as sulfate 
Cu, hydroxy Zn was more soluble than sulfate Zn, and hydroxy Mn was less soluble than sulfate 
Mn.  Although results agreed with the hypothesis in regards to acid solubility of Cu and Zn, the 
authors were unsure why solubility was less with Mn sulfate, concluding that there may be some 
uncharacterized interactions in the rumen that affected the solubility in acidic conditions. 
19 
 
 Arthington and Spears (2007) fed beef cattle different sources of Cu, tribasic Cu chloride 
(hydroxy Cu) and an amino acid Cu complex (Availa® Cu), and evaluated growth as well as Cu 
concentration in plasma and liver.  These cattle were also fed molybdenum, iron, and sulfur, all 
known Cu antagonists, to elicit a deficiency in these animals.  Results from this study indicated 
that growth parameters were comparable between organic and hydroxy sourced Cu.  
Additionally, Cu concertation in the liver was comparable between the two sources regardless of 
the amount supplemented, indicating similar bioavailability.  Cheng et al. (2011) conducted a 
similar study in lambs, evaluating the effect of Cu source, either tribasic Cu chloride or Cu 
lysine, and supplementation amount on Cu SOD, lipid peroxidation, and Cu status.  It was 
reported that Cu supplementation did not affect Cu status or CN activity on d 30 of the trial; 
however, supplementation did increase both variables at d 60.  No differences between Cu status 
in plasma, liver, and muscle as well as CN activity were found between the Cu lysine and 
tribasic Cu chloride animals.  Plasma SOD and lipid peroxidation stability were increased in 
lambs supplemented with Cu; however, source had no effect on these parameters.  They 
concluded that supplementation of Cu increases Cu status, SOD concentration, and lipid 
peroxidation stability; however, the bioavailability of Cu lysine and tribasic Cu chloride are 
similar. 
 Transition dairy cows have also been supplemented with hydroxy sourced TM in order to 
evaluate oxidative metabolism, endometritis, and overall performance (Yasui et al., 2014).  The 
experiment involved supplementation of either (1) sulfate sourced Zn, Cu, and Mn, (2) a blend of 
sulfate and organic Zn, Cu, and Mn, or (3) hydroxy sourced Zn, Cu, and Mn.  Cows were 
supplemented during the prepartum and postpartum periods.  Results showed lower byproducts 
of lipid peroxidation for cows supplemented with hydroxy TM when compared with sulfate fed 
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cows, but not for cows fed the blend of sulfate and organic TM.  A reduction in lipid 
peroxidation indicates that these cows were better equipped to handle oxidative stress ultimately 
making a healthier cow during this transition period.  Additionally, cows fed hydroxy TM 
reached a higher lactation peak relative to both the sulfate and blend treatments.  Overall milk 
yield was not significant among treatments.  Trace mineral source did not affect endometrial 
cytology or the incidence of endometritis either.  Conclusions form this study indicated that there 
were benefits to feeding hydroxy TM over sulfate TM; however, differences between the 
hydroxy treatment and the blend of sulfate and organic TMs were not significant. 
 Hydroxy Zn, Cu, and Mn have also been tested on beef calves that had been stressed due 
to shipping.  Ryan et al. (2014) supplemented calves with either sulfate, organic, or hydroxy TM 
and evaluated growth performance, morbidity, and immune response to a bovine viral diarrhea 
vaccine.  Calves were supplemented with Zn, Cu, and Mn at consistent concentrations regardless 
of the treatment provided.  Treatments were administered via grain carrier and grain was given at 
an initial rate of 0.91 kg/day, increasing to 1.36 and finally to 1.81 kg/day when the majority of 
calves were consuming all of their grain.  Results from this experiment indicated that there were 
no statistical differences among treatments in the morbidity or the number of treatments 
administered to calves after being given the vaccine.  Growth performance and plasma 
concentration of Zn and Cu were also not different among treatments.  Overall, the findings of 
this study did not indicate any major advantages to feeding one source of TM over the other. 
 The findings of these studies have indicated that hydroxy TM may have an advantage 
over sulfate TM, promoting improved health and increased growth parameters.  When comparing 
hydroxy to organic TM, similar results are produced and the bioavailabilities are comparable 
between them.  This proves to be beneficial for hydroxy TM as the price of these products is 
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significantly less than organically sourced TMs according to a cost differential produced by the 
Cornell transition cow study (Yasui et al., 2014).   
Appendix B provides a cost analysis for 5 different TM supplementation programs.  The 
period of supplementation includes the first 56 d of life for the pre-weaned calf.  It was assumed 
that the average DMI of a calf was 1.3 kg/d, producing 900 g/d of gain.  This would most closely 
mimic an aggressive feeding program that aims to increase the amount of solids a calf consumes 
in early life, promoting accelerated growth relative to traditional feeding systems.  
Supplementation levels were assumed to be 125% of NRC recommendations (National Research 
Council, 2001).  Of the five feeding programs, 100% sulfate supplementation is the lowest cost 
program ($0.04/calf) and 100% organic chelate program is most expensive ($0.29/calf).  A blend 
of these two sources of TM can reduce the cost ($0.10/calf) while effectively providing 
bioavailable TM in the diet.  It was shown, however, that 100% hydroxy TM supplementation 
was cheaper than the blend of inorganic and organic TM ($0.09/calf), making it a more cost 
effective program.  Furthermore, if it is assumed that hydroxy TM are more bioavailable in the 
calf than inorganic and organic sources, we could potentially feed calves at a decreased rate 
while still maintaining the proper amount of absorbed TM.  Feeding at 80% of the original 
program and utilizing solely hydroxy TM would reduce the cost to about $0.06/calf.  Although 
this price is still not as low as the 100% sulfate source TM program, the potential for improved 
growth and health by feeding hydroxy TM may make this program more attractive.    
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TRACE MINERAL SUPPLEMENTATION IN PRERUMINANT DAIRY CALVES 
 Trace mineral requirements have not been as well established in dairy calves when 
compared with young pigs and poultry or even mature dairy cattle (Drackley, 2008).  
Nevertheless, Davis and Drackley (1998) have reviewed and summarized the recommended TM 
concentration needed for the optimal development of a dairy calf.  Additionally, the NRC (2001) 
has provided recommendations for TM concentrations in milk replacer and starter and compared 
them to concentrations found in whole milk (Table 1.1).  Whole milk appears to be deficient in 
both Mn and Cu when compared with the concentrations that are incorporated into milk replacer 
and starter grain.  Regardless of feeding whole milk or milk replacer, deficiencies or imbalances 
of TM rarely occur.  On the contrary, TM toxicities can occur if supplementation is excessive.  
Adverse effects on feed intake, weight gain, and feed efficiency were observed for calves 
supplemented more than 700 ppm of Zn from ZnO (Jenkins and Hidiroglou, 1991).  
Additionally, adverse effects on weight gain and feed efficiency were reported in calves fed 
1,000 ppm of Mn from Mn sulfate and all calves died when supplemented with 5,000 ppm of 
Mn.  Calves tolerated up to 50 ppm of Cu from Cu sulfate; however, 200 and 500 ppm were 
toxic and reduced growth and efficiency, while 3 of 7 calves died when 1,000 ppm of Cu was 
supplemented (Jenkins and Hidiroglou, 1989).  It was found that even 50 ppm of Cu provided no 
added benefit and the authors concluded that the concentration of Cu should be kept around 10 
ppm.   Adherence to recommended feeding protocols will allow for the optimal intake of TM by 
the calf.   
 Like mature dairy cows, TM provide essentially the same benefits to dairy calves.  
Particular attention should be paid to the health of these calves as the immune system is still 
developing.  Colostrum deprivation (Donovan et al., 1986) and pathogenic challenges (NAHMS, 
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2007) can especially compromise the immune system at a young age.  These challenges can 
present stressors to the calf, creating a depressed immune system and increasing the number of 
reactive oxygen species.  An adequate supply of Zn, Cu, and Mn would help with any of these 
stressors, aiding in the productivity of SOD in the body and mitigating oxidative stress (Suttle, 
2010).  Additionally, zinc and copper are needed for the proper development and function of T- 
and B-cells and copper and manganese are needed for proper function of neutrophils and 
macrophages (McDowell, 2003).  Teixeira et al. (2014) found that supplementation of TM 
improved neutrophil function and glutathione peroxidase activity in newborn calves.  
Additionally, supplemented calves had lower incidence of scours, pneumonia, and otitis over 
calves not supplemented.  Supplementation of TM did not show any improvements in growth 
performance or mortality however.  These findings are in agreement with Arthington et al. 
(2014) who found no differences in body weight gain in beef calves.  Conversely, Spears and 
Kegley (1991) found that calves fed zinc methionine had increased weaning weights compared 
with calves that were not supplemented with zinc. 
 Development of calves can also be influenced by adequate supplementation of TM.  
Zinc-deficient calves have exhibited bowing of the legs and joint stiffness; however, this could 
be corrected with Zn repletion (McDowell, 2003d).  Additionally, Zn-deficient calves grow more 
slowly and are lethargic and male reproductive organs appear to be slowed.   As mentioned 
previously, Zn can influence appetite control where deficiency will impair the appetite of the 
animal and ultimately slow the rate of gain.  Calves were born with congenital rickets have been 
described when cows were deficient in Cu (McDowell, 2003b).  Furthermore, Cu deficiency in 
growing animals can result in uneven bone growth and can be influenced by body weight 
distribution and rate of growth at the time of deprivation (Suttle, 2010).  Deformities in newborn 
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calves can also occur when gestating cows are deficient in Mn, including weak and twisted legs 
and pasterns as well as general weakness (McDowell, 2003c).  Reduced weight gains were also 
observed when calves were deficient in Mn due to calcium and phosphorus antagonists; 
however, supplementation of Mn corrected this problem. 
 Overall, studies involving TM in calves have demonstrated a positive impact on the 
health and well-being of the calf, reducing the risk of infection and disease as well as promoting 
greater antioxidant defense.  There is some variability on differences in growth parameters 
between calves supplemented with TM and those without supplementation.  Nevertheless, it is 
well established that optimal TM concentrations should be kept in the both the dam and her calf 
in order to avoid deformities that could have an impact on the productivity of the calf.  Further 
research should be considered in order to better assess how the growth and health of calves 
respond to both varying quantities and sources of TM. 
SUMMARY AND THESIS OBJECTIVES 
 While hydroxy TM have been shown to have comparable results to inorganic and organic 
TM in mature cattle and other species, little research has been done to evaluate the effects of 
hydroxy supplementation in calf nutrition.  Therefore, the objective of this experiment was to 
compare the effects of hydroxy or sulfate supplementation in milk replacer and starter grain on 
growth and health of calves through weaning.       
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TABLES 
Table 1.1 Mineral concentrations recommended for diets of young calves, 
compared with average for fresh whole milk (DM basis).  Adapted from Dairy 
NRC (2001). 
Nutrienta Milk replacerb Starter feed Whole milk 
Minerals    
   Calcium, % 1.00 0.70 0.95 
   Phosphorus, % 0.70 0.45 0.76 
   Magnesium, % 0.07 0.10 0.10 
   Sodium, % 0.40 0.15 0.38 
   Potassium, % 0.65 0.65 1.12 
   Chloride, % 0.25 0.20 0.92 
   Sulfur, % 0.29 0.20 0.32 
   Iron, mg/kg 100c 50 3.0 
   Manganese, mg/kg 40 40 0.2-0.4 
   Zinc, mg/kg 40 40 15-38 
   Copper, mg/kg 10 10 0.1-1.1 
   Iodine, mg/kg 0.50 0.25 0.1-0.2 
   Cobalt, mg/kg 0.11 0.10 0.004-0.008 
   Selenium, mg/kg 0.30 0.30 0.02-0.15 
    
Vitamins    
   A, IU/kg of DM 9,000  4,000 11,500 
   D, IU/kg of DM 600  600 307 
   E, IU/kg of DM 50    25 8 
aB-complex vitamins are necessary only in milk-replacer diets. Required 
concentrations (mg/kg of DM): thiamin, 6.5; riboflavin, 6.5; pyridoxine, 6.5; 
pantothenic acid,13.0; niacin, 10.0; biotin, 0.1; folic acid, 0.5; B12, 0.07; choline, 1.0. 
bRequired concentrations specified for milk replacer fed at 0.53 kg of DM/d to 45-kg 
calf. Assuming ME content of 4.75 Mcal/kg, this amount of milk replacer would 
provide energy-allowable growth of 0.3 kg/d.  
cFor veal calves, decrease to less than 50 mg/kg of DM.  
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Chapter 2 Effects of Hydroxy Versus Sulfate Forms of Trace Minerals in Milk Replacer or 
Starter on Dairy Calves through Weaning. 
INTRODUCTION 
Calf rearing programs have become one of the highest priorities for producers involved in 
the dairy industry.  Management systems that aim to grow calves as fast as possible while 
maintaining an effective budget are considered ideal, resulting in more efficient growth.  
Systems like the so-called accelerated or intensive early nutrition feeding programs have been 
studied, with results demonstrating that feeding more milk solids with a higher protein content 
from milk or milk replacer has a positive impact on growth and development (Diaz et al., 2001; 
Hill et al., 2006; Soberon et al., 2012).  Long-term positive effects on productivity have been 
shown with the use of these efficient and well managed systems (Davis Rincker et al., 2011; 
Soberon et al., 2012).  These programs have become more common in recent years, replacing 
traditional programs that utilize milk replacer with lower protein and fat contents that are 
typically limit fed.   
 The health and well-being of calves can be considered just as vital as growth to a rearing 
program.  Calves can face multiple stressors, which can negatively affect their growth and 
development. Stressors include, but are not limited to, complications from dystocia (Lombard et 
al., 2007), colostrum deprivation (Donovan et al., 1986), and pathogenic challenges (NAHMS, 
2007).  Negative impacts on health not only impede growth but can significantly increase the 
cost to rear an animal.  With this in mind, efforts should be made to provide not only a clean 
environment for calves to be raised but to also maintain a good immune system that is able to 
respond to such stressors. 
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 Trace minerals have been found to support physiological processes that are related to 
both immunity and growth (Suttle, 2010). Seven TM have been found to be essential for the 
proper development of calves (Davis and Drackley, 1998).  For instance, Cu is necessary for 
hemoglobin synthesis and the production of lysyl oxidase, an enzyme needed in the formation of 
crosslinks in connective tissues (McDowell, 2003).  Manganese has been shown to play a role in 
immune function (Hurley and Keen, 1987) and nutrient metabolism, specifically involving 
pyruvate carboxylase (Suttle, 2010).  Proper skeletal growth,  wound healing, and the 
proliferation of immune based cells needed for a suitable immune response are all directly 
associated with Zn levels in the body (McDowell, 2003).  Additionally, all three of these TM are 
related to superoxide dismutases, which have crucial antioxidant capabilities within nearly all 
cells.  It is imperative that these nutrients are not overlooked as they are involved in many 
essential physiological processes. 
Stores of Cu, Mn, and Zn within the calf can only sustain normal growth for several 
weeks before being depleted (Davis and Drackley, 1998).  In addition, whole milk has been 
found to be deficient in several TM.  Supplementation of these trace elements is, therefore, 
necessary at or above calf requirements in order to promote normal animal development, 
especially at high growth rates.  Several sources of TM have been used in calf nutrition, varying 
in factors such as bioavailability.  Sulfate sourced TM, including cupric, manganous, and zinc 
sulfate have been the standard for supplementation due to their low costs and high bioavailability 
relative to oxide sourced TMs (Ammerman et al., 1995).  Organically sourced TM, such as 
chelates and proteinates, have been shown to have greater bioavailability, improving overall 
health status of dairy cattle when compared with sulfate and oxide sourced minerals (Spears and 
Kegley, 2002; Nocek et al., 2006; Siciliano-Jones et al., 2008).   
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Hydroxy sourced TM are relatively new to the market.  Some studies have demonstrated 
greater bioavailability of hydroxy sources compared with sulfate sourced TM and comparable 
bioavailability compared with organically sourced TM.  Relative to Cu sulfate, Miles et al. 
(1998) found tribasic Cu chloride to have bioavailability of 106% and 112% in their two 
experiments with broilers.   Bioavailability of tribasic Cu chloride ranged from 132% to 196% 
relative to Cu sulfate in growing cattle fed diets high in molybdenum and sulfur (Spears et al. 
2004).  Arthington and Spears (2007) showed similar Cu accumulation in the liver of yearling 
steers when fed hydroxy or organically sourced Cu, concluding that bioavailability was similar 
for both sources. Additionally, cows fed hydroxy sourced TM reached a higher peak of lactation 
and maintained greater milking persistency over those fed sulfate sourced or a combination of 
sulfate and organically sourced TM (Yasui et al., 2014).  Conly et al. (2012) concluded that 
tribasic Mn chloride is better tolerated at higher concentrations in broilers compared with Mn 
sulfate, based on a more gradual decline of body weight when tribasic Mn chloride was 
supplemented at 3,600, 4,500, and 5,400 mg/kg relative to Mn sulfate supplemented at the same 
concentrations.  Improved tolerance at an elevated concentration may also be a benefit to 
hydroxy TM. 
Knowledge is limited on the effects of supplementing calf nutritional programs with 
hydroxy sourced TM, particularly for calves at high growth rates.  Therefore, the objective of 
this study was to evaluate the differences in intake, growth, and health status of calves fed both 
milk replacer and starter grain containing either sulfate or hydroxy sources of Cu, Mn, and Zn. 
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MATERIALS AND METHODS 
Experimental Design, Calf Processing, and Housing 
All procedures were conducted under protocols approved by the University of Illinois 
Institutional Animal Care and Use Committee. Sixty-four male Holstein calves were purchased 
from a local producer and transported (ca. 30 min) to the Nutritional Field Laboratory research 
site (Urbana, IL).  All calves were less than 1-wk old when purchased. Calves were purchased in 
four replicates (Replicate 1: 20 calves purchased on September 12, 2014; Replicate 2: 12 calves 
purchased on September 15, 2014; Replicate 3: 12 calves purchased on October 6, 2014; 
Replicate 4: 20 calves purchased on October 10, 2014).  When selecting calves, blood samples 
were taken via jugular vein and deposited into a 10-mL evacuated serum separation tube (Becton 
Dickenson, Rutherford, NJ). Blood was then centrifuged at 1300 × g for 15 min and a 
refractometer was used in order to determine total protein (TP) concentration in the serum for 
prospective calves.  Calves were selected for the experiment based on TP concentrations and 
visual assessment of health at the dairy.  Only calves with TP concentrations between 5.0 and 7.0 
g/dL were selected for the study.  All selected calves were given 2 mL of BO-SE (Merck Animal 
Health, Kenilworth, NJ) subcutaneously, 1 mL of Vitamin A and D (Sparhawk Laboratories, 
Inc., Lenexa, KS) subcutaneously, and 2 mL of Inforce (Pfizer, New York, NY) intranasally.  
Any calves with a TP concentration < 5.5 g/dL were given 50 mL of Bovisera (Colorado Serum 
Co., Denver, CO) subcutaneously and 20 mL of C and D antitoxin (Boehringer Ingelheim, 
Ridgefield, CT) subcutaneously.  Calves were then transported to the Nutrition Field Laboratory 
research site where they were blocked by initial TP concentration and BW.  
Initial BW, body length, withers height, hip height, heart girth, and hip width were 
measured and recorded for all calves at the time of their arrival.  Calves were given ear tags and 
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assigned one of four treatments from a 2 × 2 factorial arrangement in a randomized complete 
block design.  Each treatment had 16 calves enrolled. 
All calves were individually housed in Calf-Tel hutches (Calf-tel, Hampel Corp., 
Germantown, WI) separated approximately 1 to 2 m apart from the adjacent calf.  Hutches were 
placed on landscape cloth on top of crushed gravel and faced to the south.  Calves were bedded 
using straw and more bedding was provided on an as-needed basis.  All calves stayed in their 
hutch for the entirety of the study.  Any calf deemed morbid was placed in a larger pen inside the 
field laboratory for additional treatment and observation. The experiment was conducted from 
September to December 2014.  A HOBO Pro v2 Temp RH Logger (Onset Computer 
Corporation, Bourne, MA) was placed in a hutch occupied by a randomly chosen calf.  
Temperature and relative humidity were recorded every 5 min and the average high and low 
temperature and humidity was calculated and recorded for each replicate of calves. 
Dietary Treatments, Feeding Scheme, and Management 
 The treatments for this experiment were a combination of either sulfate (S) or hydroxy 
(H) TM sources (IntelliBond® C, M, and Z, Micronutrients, Indianapolis, IN) in milk replacer 
(MR) and S or H TM sources in starter grain.  Both MR were formulated to contain 28% CP and 
20% crude fat.  The MR were supplemented with either S or H TM to provide Zn, Cu, and Mn 
concentrations of 50, 10, and 50 ppm, respectively.  Both starter grains were formulated to 
contain 22% CP and were supplemented with either S or H to ensure Zn, Cu, and Mn 
concentrations of 70, 17, and 60 ppm, respectively.  Milk replacers were manufactured by Land 
O’Lakes Animal Milk Products Inc. (Arden Hills, MN), contained only milk-derived proteins, 
and were non-medicated. Starter grain was manufactured by Purina Animal Nutrition, LLC 
(Shoreview, MN), was texturized, and medicated with Lasalocid for control of coccidiosis.  The 
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TM sources were blended into the appropriate premixes by the manufacturer before being added 
into MR and starter. 
 Calves were fed MR twice daily at 0500 and 1630 h. The MR were reconstituted at 13% 
solids for the entirety of the study.  All calves were fed MR at a rate of 500 g of powder/d for the 
first 2 d after arrival and enrollment.  Calves were then fed a rate of 700 g of powder/d for the 
remainder of wk 1 and 900 g of powder/d between wk 2 and 6. Feeding was reduced to once 
daily (0500 h) at a rate of 450 g of powder/d during wk 7, and calves were weaned from milk at 
d 49.  Intake of MR was recorded after every feeding.  Any refused MR was noted and a score of 
the calf’s appetite and mood was noted: 1 = Calf was able to drink out of bucket with minimal or 
no assistance, 2 = Calf required assistance drinking out of bucket or a bottle was used for a 
partial amount of the feeding, 3 = An esophageal tube feeder was utilized for the some or all of 
the feeding.  Starter was offered at the start of the trial (d 1) and was fed ad libitum until d 63.  
Starter intake was recorded at each feeding time.  If starter intake was negligible for two 
consecutive days, fresh grain was given to the calf.   Water was also offered ad libitum until d 63 
and intakes were recorded at each feeding time.  
Health Assessment and Management 
Upon their arrival, calves had their navels dipped with povidone iodine and rectal 
temperatures recorded for the first 3 d.  Any navel enlargements or temperatures above 40°C 
were treated with Florfenicol (Nuflor®, Merck Animal Health, Summit, NJ) and Flunixin 
meglumine (Phoenix Pharmaceutical, Inc., St. Joseph, MO), respectively. 
Calves were assigned both fecal and respiratory scores daily.  Health checks were 
recorded during the afternoon feeding.  Fecal scores were recorded on a scale of 1 to 4: 1 = firm 
and formed, 2 = soft and formed, 3 = loose and unable to hold form, and 4 = watery consistency.  
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Respiratory scores were recorded on a scale of 1 to 5: 1 = normal, 2 = labored, open mouth 
breathing, 3 = labored, open mouth breathing with mucus, 4 = dry cough, and 5 = wet cough.  
Any other noticeable ailments or changes in appearance were commented on and addressed.  If 
any signs of illness occurred throughout the experiment, a rectal temperature was taken and 
recorded.  For any rectal temperature above 40°C, a dose of Flunixin meglumine was 
administered intravenously according to the label. 
Calves were monitored multiple times daily during wk 1 to 3 for any signs of scours or 
dehydration.  Any calves who had a fecal score of 3 or 4 were considered to have scours and the 
score was noted.  Hydration status was evaluated by looking at eye appearance, utilizing the skin 
tenting test, and assessing any changes in behavior or appearance.  Dehydration was treated with 
4 L of electrolyte solution (Land O’Lakes, Inc. Arden Hills, MN) daily until signs of 
improvement were shown.  Scouring was also treated with 4 L of electrolytes and 
sulfamethoxazole/trimethoprim (SMZ/TMP) tabs if the scouring persisted.  If scouring or 
dehydration was accompanied by a rectal temperature above 40°C, flunixin meglumine was 
administered.  Vaccines were administered according to the facility’s protocol.  Castration 
occurred immediately after the end of the trial (d 63) so as to not influence any of the data 
collected.  
Data Collection and Analysis 
Body Measurements 
In addition to initial measurements made on arrival, BW, body length, withers height, hip 
height, heart girth, and hip width were measured weekly for the remainder of the trial.  Body 
measurements were taken at 1600 h, before the afternoon feeding, on the same day each week, 
corresponding to the day of arrival. 
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Feed Analysis4 
 Milk replacers were sampled weekly and stored at -20°C until composited and analyzed.  
Samples were composited by batch of calves and sent to a commercial lab (Dairy One 
Cooperative Inc., Ithaca, NY).  Contents of CP (Leco Method; AOAC, 1990) and fat (ether 
extract; AOAC International, 2003) were determined.  Mineral quantities were determined using 
a Thermo Jarrell Ash IRIS Advantage HX Inductively Coupled Plasma Radial Spectrometer 
(Thermo Instrument Systems Inc., Waltham, Ma) in conjunction with methods described by 
Dairy One (2007).  The metabolizable energy (ME) values were estimated using chemical 
composition as determined by Dairy One (http://dairyone.com).  Starter was sampled weekly and 
stored at -20°C until composited and analyzed.  Samples were composited by batch of calves and 
analyzed at Dairy One Feed Labs.  Contents of CP, fat, minerals, and ME were all determined 
using the aforementioned techniques.  Contents of ADF and NDF were also determined using 
wet chemistry techniques (http://dairyone.com). 
Blood Collection and Analysis 
 Blood was sampled on d 14, 28, and 56 immediately before feeding (0 h) and 4 h after 
feeding.  Evacuated plasma separation tubes (10 mL) containing EDTA as an anticoagulant 
(Becton Dickenson, Rutherford, NJ) were used to collect blood from the jugular vein of calves.  
Blood was kept on ice and centrifuged at 1300 × g for 15 minutes.  Plasma was transferred into 
polypropylene Eppendorf tubes and stored at -20° C until further analysis. 
 Samples were analyzed for concentrations of total protein (grams/deciliter) and albumin 
(grams/deciliter) at the University of Illinois College of Veterinary Medicine Diagnostic 
Laboratory (Urbana, IL) by use of automated enzymatic analysis procedures.  Analyses of Zn, 
Cu, and Mn were done at the Michigan State University Diagnostic Center for Population and 
Animal Health (Lansing, MI) by use of Inductively Coupled Plasma Mass Spectrometry. Mineral 
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concentration in plasma was used to evaluate relative bioavailability of the two sources used.  
Measurement of glucose concentration was determined by use of a Wako Autokit Glucose 
enzymatic assay kit (Wako Life Sciences, Inc., Mountain View, CA) following package insert 
procedures (http://www.wakodiagnostics.com/r_glucose.html).  The concentration of NEFA was 
determined by use of a Wako HR Series NEFA-HR (2) enzymatic assay kit (Wako Life 
Sciences, Inc., Mountain View, CA) following package insert procedures 
(http://www.wakodiagnostics.com/r_nefa.html).  The concentration of urea N was determined by 
use of a QuantiChrom™ Urea Assay Kit, DIUR-500 (BioAssay Systems, Hayward, CA) 
following package insert procedures (https://www.bioassaysys.com/view/images/Datasheet/ 
DIUR.pdf).  Multi-well plates were analyzed using an Epoch Microplate Spectrophotometer 
(BioTek Instruments, Inc., Winooski, VT). 
Statistical Analysis 
 Response data were tested for the homoscedasticity and normality of residuals 
assumptions using the Brown-Forsythe Test (Brown and Forsythe, 1974), the Shapiro-Wilk Test 
(Shapiro and Wilk, 1965), and visual assessment of residual plots under PROC UNIVARIATE 
in SAS v 9.4 (SAS Institute Inc., Cary, NC).  Gain to feed response data were transformed 
logarithmically. The PROC GLM in SAS was used for the analysis of variance for feed sample 
data.  A Tukey’s adjustment (Tukey, 1949) was used to evaluate multiple comparisons among 
treatments.  Intakes, growth measurements, blood metabolites, and blood minerals were 
subjected to an analysis of variance using PROC MIXED (SAS Institute Inc.).  The model 
contained the fixed effects of milk replacer, starter grain, time (either in weeks or days 
depending on the variable analyzed), and all subsequent interactions.  A covariate of the initial 
pretreatment value was also added to the model if one was applicable to response variable being 
analyzed and if the covariate was significant in the statistical analysis.  Calf was considered a 
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random effect and was nested within block.  Response variables with repeated measurements 
used the initial measurement taken at the start of the trial as a covariate and an autoregressive 1 
or compound symmetric covariance structure.  The covariance structure that produced the lowest 
–2 Ratio Log-likelihood with the least number of parameters, the Akaike Information Criteria 
both uncorrected (AIC) and corrected (AICC), and the Bayesian Information Criteria (BIC) was 
selected for the analysis.  Calf within treatment was specified as the subject of the repeated 
measure regardless of the covariance structure used.  A Tukey’s correction was used to evaluate 
multiple estimate comparisons among treatments.   
 Fecal and respiratory scores were used to establish occurrence of scours and respiratory 
illness.  Any calf with a fecal score above 2 was considered to have a scour event for the day and 
any calf with a respiratory score above 1 was considered to have a respiratory illness event.  Any 
calf administered medication was recorded and was considered as having a medicated event.  
Electrolyte administration was also noted and used for the assessment of health. The PROC 
FREQ was used to tabulate the number of events corresponding to any electrolyte and 
medication administration as well as scouring and respiratory illness.  Events were broken down 
by week and any differences among treatment were analyzed using a Chi-square test.  
Furthermore, the occurrence of scours or use of medication was modeled using a binomial 
distribution with a logit link in PROC GLIMMIX (SAS Institute Inc.).  A 1 was used in the data 
to indicate the occurrence of any health related event while a 0 was used to indicate that the calf 
did not have any health related event and was considered healthy.  Data from wk 1 to 9 was used 
in the analysis of medication use and respiratory illness while only data from wk 1 to 3 was used 
for the occurrence of scours.  Because the majority of medication use and scour occurrence was 
when calves were receiving most of their nutrients from MR, an analysis of hydroxy MR to 
47 
 
sulfate MR was also used.  Odds ratios were used to determine if one treatment was more or less 
likely to cause a scouring or medication event over another treatment.  Furthermore, the duration 
of a scouring and medication event were evaluated using a Poisson distribution in PROC 
GENMOD (SAS Institute Inc.).  Odds ratios were used to determine if one treatment was more 
or less likely to prolong a scouring or medication event over another treatment.  Any refusal of 
milk replacer was recorded as a refusal event and subjected to both PROC GLIMMIX and 
GENMOD in the same manner as described previously.  Least squares means were calculated 
and are presented with standard errors.  Statistical significance was declared at P ≤ 0.05 and 
trends at P ≤ 0.15.   
RESULTS 
Environmental Factors 
Replicate one began the trial September 12, 2014 and finished November 14, 2014, 
experiencing a mean high temperature of 20.8°C and low temperature of 6.6°C.  Replicate 2 
began the trial on September 15, 2014 and finished November 17, 2014, experiencing a mean 
high temperature of 19.9°C and low temperature of 5.9°C.  Replicate 3 began the trial on 
October 6, 2014 and finished December 8, 2014, experiencing a mean high temperature of 
14.2°C and low temperature of 2.1°C.  Replicate 4 began the trial on October 10, 2014 and 
finished December 12, 2014, experiencing a mean high temperature of 13.0°C and low 
temperature of 1.5°C.  Differences in high and low temperatures across replicates were 
determined to be non-significant. 
Nutrient Composition 
 Treatment milk replacer and starter nutrient composition are presented in Table 2.1.  The 
S and H MR, both formulated for 28% CP (as fed), had actual analyzed CP, on a DM basis, of 
29.3% and 29.4%, respectively.  The S and H starters were formulated for 22% CP (as-fed) and 
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actual analyzed CP on a DM basis was 26.0% and 25.8%, respectively.  Calculated ME (as fed) 
was determined to be 4.53 and 4.51 Mcal/kg in S and H milk replacer, respectively.  The S and H 
starters (as fed) were found to have 3.42 and 3.43 Mcal/kg on an as-fed basis, respectively.  It 
was concluded that feeds were both isoenergetic and isonitrogenous to their counterpart with the 
other TM source. 
 Supplementation of TM in MR was formulated to be 50, 10, and 50 ppm (as-fed) for Zn, 
Cu, and Mn, respectively (Table 2.1).  Chemical analysis of the S MR determined that the total 
amounts of Zn, Cu, and Mn were 67, 10, and 47 on a DM basis, respectively.  Similarly, H MR 
was shown to contain 78, 11, and 54 ppm (DM basis) of total Zn, Cu, and Mn on a DM basis, 
respectively.  Both starter grains were supplemented (as-fed) with 70, 17, and 60 ppm of Zn, Cu, 
and Mn, respectively.  Chemical analysis of S and H starters showed total Zn, Cu, and Mn to be 
136, 30, 95 ppm (DM basis) and 175, 31, and 101 ppm (DM basis), respectively.  
Intakes 
 Intakes of DM, CP, and ME from milk replacer, starter, and total from wk 1 to 9 are 
shown in Table 2.2.  Overall, MR DMI tended to be different (P = 0.15) between calves fed 
sulfate and hydroxy MR. Calves fed H MR consumed more CP from MR than calves fed S MR 
(P = 0.03).  Although MR DMI and CP intake were statistically different, the numerical 
differences were negligible.  Calves fed H MR tended to consume more starter and total DM, 
CP, and ME (P < 0.15) than calves fed S MR. 
 Mineral intakes were evaluated and are presented in Table 2.3.  Differences in total Zn 
intakes were significantly greater for calves that consumed H MR (P = 0.01) and for calves that 
consumed H starter grain (P < 0.01).  Furthermore, a starter grain by time interaction was present 
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(P < 0.01), reinforcing a higher Zn intake for calves consuming H starter grain.  Additionally, 
calves consuming H MR had greater intakes of Cu (P = 0.02) and Mn (P = 0.01).   
 Repeated measures analysis was performed on all intake parameters (Figures 1 and 2).  
Calves that were fed the treatment of H MR plus S starter tended to have higher intakes of starter 
during wk 8 and 9 (P < 0.15).  Total Zn intake was found to be different among treatments 
throughout wk 5 to 9 (P < 0.05; Figure 2).  Calves that were fed the H starter clearly showed 
greater Zn intake over those fed S starter.  Total Cu and Mn intakes were different among 
treatments during wk 8 and 9, indicating higher intakes for calves fed H starter (P < 0.05). 
 Intake parameters were also evaluated using 3 different periods: liquid feeding (wk 0 to 
4), weaning (wk 5 to 7), and post-weaning (wk 8 and 9).  Each period was analyzed individually 
and results are presented in Tables 2.4 and 2.5. The DMI tended to be greater (P = 0.15) and CP 
intake was greater for calves consuming H MR throughout the liquid period (P = 0.03); however, 
the numerical differences again were negligible. Intake of ME from MR was greater for calves 
consuming S MR throughout the weaning period (P < 0.01).  These differences, however, were 
negligible.  Starter DM, CP, and ME intakes all tended to be higher (P = 0.10, P = 0.10, and P = 
0.09, respectively) during the liquid period for calves fed H MR over those fed S MR.  No 
statistical differences were shown for any starter parameters during the weaning and post-
weaning periods.   
Total DMI, CP intake, and ME intake followed a similar trend, tending to be higher (P = 
0.08, P = 0.07, and P = 0.10 respectively) during the liquid period for calves fed H MR over 
those fed S MR.  Similar to starter intake, no statistical differences were detected in total DM, 
CP, and ME intakes during the weaning and post-weaning periods.  Total Zn intake was found to 
be higher during the liquid period (P < 0.01) and post-weaning period (P = 0.03), and tended to 
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be higher during the weaning period (P = 0.07), for calves fed H MR.  During the liquid period, 
a MR by time interaction tended to occur (P = 0.13) and during the weaning period, a MR by 
time interaction existed (P = 0.04) which indicated higher Zn intake for H MR fed throughout 
the weaning period.  In addition, Zn intake was greater  during the weaning (P = 0.01) and post-
weaning periods (P < 0.01) for calves fed H starter grain.  Total Cu intake was higher during the 
liquid (P = 0.01) and post-weaning periods (P = 0.03), and tended to be higher during the 
weaning period (P = 0.14) for calves fed H MR.  Total Mn intake also showed an increase during 
the liquid (P < 0.01) and post-weaning periods (P = 0.03) and a tended to increase during the 
weaning period (P = 0.09) for calves fed H MR.  A MR by time interaction tended to occur (P = 
0.15) for Mn intake during the liquid period (Figure 2.2) but differences were small. 
Mean contributions of MR and starter grain towards DMI, CP intake, and ME intake are 
shown for both the liquid and pre-weaning periods in Figure 3.  Contributions are broken down 
by treatment. 
Growth 
 Initial calf BW (Table 2.6) and body conformation measurements (data not shown) did 
not differ by the main effect of MR or starter grain.  Final BW was not statistically different but 
numerical differences existed for both main effects of MR and starter, indicating higher BW for 
calves fed H sources of each feed.  Final body confirmation measurements were also not 
different with the exception of withers height, where calves fed H MR exhibited a significant 
increase over calves fed S MR (P = 0.02).  Mean BW tended to be greater for calves fed H MR 
(P = 0.14) and gain to feed ratio tended to be greater for calves fed H starter (P = 0.14; Table 
2.7).  Body length tended to have a MR by time interaction (P = 0.08).  Calves fed H MR tended 
to have greater heart girth compared to calves fed S MR (P = 0.14).  Withers height was greater 
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for calves that consumed S starter (P = 0.02), while calves that consumed H MR tended to have 
greater withers height (P = 0.06).  Additionally, a MR by time interaction tended to occur for 
withers height (P = 0.13).  A MR by starter grain by time interaction was observed for hip height 
(P = 0.01).  The ADG of all body confirmation measurements were analyzed and some statistical 
differences were observed.  Body length ADG tended to exhibit a MR by time interaction (P = 
0.12).  Withers height ADG tended to be greater for calves fed H MR (P = 0.13) and a MR by 
time interaction also tended to occur (P = 0.11).  Furthermore, a starter grain by time interaction 
was observed (P = 0.01) for withers height ADG.  Hip height ADG showed no significance 
between main effects, but a MR by starter grain by time interaction was found (P < 0.01).   
 Results of the repeated measures analysis of growth variables are shown in Figure 4. 
Calves fed H starter showed significantly higher ADG during wk 8 than calves feed sulfate 
starter (P < 0.05).  Calves fed the treatment H MR plus H starter had a higher gain to feed ratio 
than all other treatments (P < 0.05) during wk 8.  Additionally, the H MR plus S starter treatment 
group had a noticeably lower gain to feed ratio during wk 8, although no difference was 
observed (P > 0.15).  Heart girth tended to be different at wk 6 (P < 0.15), where calves treated 
with H starter tended to have greater heart girth compared with calves fed S MR and H starter.  
Calves fed H MR plus S starter tended to have increased withers height at wk 2 (P < 0.15), and 
were significantly taller during wk 6, 7, and 9 (P < 0.05) compared with calves fed S MR plus H 
starter.  Hip height was different for calves fed H MR plus S starter at wk 8 (P < 0.05). 
 Growth data were also analyzed in 3 different periods (Table 2.8): liquid feeding (wk 0 to 
4), weaning (wk 5 to 7), and post-weaning (wk 8 and 9).  Throughout the liquid period, calves 
fed H MR tended to weigh more (P = 0.07) and have a greater ADG (P = 0.07) than those fed S 
MR.  Body length tended to be greater for calves fed S MR during the liquid period (P = 0.07).  
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Withers height was greater for calves fed S starter grain over those fed H starter grain (P = 0.03).  
A MR by starter grain by time interaction was also found for hip height (P = 0.05). 
 During the weaning period BW tended to be greater for calves fed H MR (P = 0.15).  
Gain to feed ratio exhibited a MR by starter interaction (P = 0.01), however the main effects 
were non-significant (P > 0.15).  Additionally, body length tended to exhibit a MR by starter 
grain by time interaction (P = 0.08).  Calves fed H MR had a greater heart girth (P = 0.04) over 
calves fed S MR.  Calves fed H MR tended to have greater withers height (P = 0.07) while 
calves fed S starter had greater withers height (P = 0.02).  A starter grain by time interaction was 
also found for withers height (P = 0.05), indicating greater withers height for calves consuming 
S starter.  A MR by starter grain by time interaction tended to occur for hip height (P = 0.08), 
however all other main effects and interactions were not significant (P > 0.15). 
During the post-weaning period, a starter grain by time interaction tended to occur for 
both ADG (P = 0.06) and gain to feed ratio (P = 0.11), indicating a greater ADG and gain to 
feed ratio for calves fed H starter grain throughout the period.  Furthermore, a starter grain by 
time interaction existed for body length (P = 0.05), where calves fed S starter had greater body 
length throughout the post-weaning period.  Withers height was greater for calves fed H MR than 
those fed S MR (P = 0.04) and a MR by starter grain interaction was also found (P = 0.05).  
Similar to the weaning period, a MR by starter grain by time interaction tended to occur for hip 
height (P = 0.08)  All other analyses throughout the post-weaning period were not significant (P 
> 0.15) 
Blood Metabolites and Mineral Status 
 Plasma concentrations of albumin, total protein, Zn, Cu, and Mn are shown in Table 2.9.  
Although mean albumin concentration was non-significant, it tended to be greater for calves fed 
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S MR (P = 0.10) on d 14.  A MR by starter grain by time interaction existed for total protein (P 
= 0.04) as well.  Additionally, a MR by starter interaction tended to occur for both overall total 
protein concertation (P = 0.11) and total protein concentration on d 28 (P = 0.12).  Overall Zn 
concentration was greater for calves fed H MR (P = 0.02).  On d 28 a MR by G interaction 
tended to occur (P = 0.15) for Zn concentration and on d 56 calves fed H MR tended to have 
greater Zn concentration (P = 0.13).  Both Cu and Mn concentrations were not different for main 
effects or any interactions (P > 0.15).  On d 28, however, calves fed S MR tended to have greater 
Cu concentration over calves fed H MR (P = 0.09).  The effect of time was significant for 
albumin, total protein, Cu, and Mn concentrations (P < 0.05). 
 Glucose, NEFA, and urea N concentrations in plasma are shown in Table 2.10.  Non-
esterified fatty acid concentration was greater for calves fed H MR (P = 0.05).  Furthermore 
NEFA concentration tended to be higher on d 56 for calves fed H MR (P = 0.15) and calves fed 
H starter (P = 0.11).  A MR by starter interaction tended to occur for NEFA concentration on d 
56 (P = 0.09).  The main effects of MR, starter grain, and their interaction were not different for 
glucose or BUN (P > 0.15).  The main effect of time was different for all three metabolites (P < 
0.05).   
Health 
 Survival analysis (data not shown) indicated no difference in the overall mortality 
among the treatments (P > 0.15).  A total of 64 calves (16 per treatment) were obtained for the 
trial.  One calf from the S MR + H starter grain (SH) treatment died shortly after arrival due to 
disease.  Another calf from the H MR + H starter grain (HH) treatment was euthanized in wk 9 
due to complications involving a hernia.  All data from this calf, up to wk 8, were used in the 
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analysis. Statistical analysis of initial total protein values indicated no differences among 
treatment or varying source of TM in MR or starter (P > 0.15). 
 Frequencies of health related events are shown in Table 2.11.  Electrolyte 
administration tended to be different among treatments during wk 2 (P = 0.09) and 3 (P = 0.12), 
indicating that calves fed SS and HH received the greatest amount of electrolytes.  During wk 3, 
calves fed S MR received more electrolytes than calves fed H MR (P = 0.05).  The frequency of 
scours (fecal score > 2) was highest during wk 1 and 2.  During wk 1, calves fed H starter had a 
higher frequency of scours compared with calves fed S starter (P = 0.02).  Additionally, a MR by 
starter interaction tended to occur during wk 1 (P = 0.12).  Furthermore, calves fed S MR tended 
to have more loose feces during wk 8 (P = 0.15).  The administration of medication was highest 
during wk 2, although there tended (P = 0.07) to be a higher administration of medication for 
calves fed S MR during wk 3.  Furthermore, there tended (P = 0.09) to be a MR by starter grain 
difference during wk 3 where calves fed SS had the highest number of medicated events.  Little 
to no respiratory related illness (respiratory score > 1) was detected throughout the trial, however 
a significant difference was found during wk 9 where calves fed S starter had a higher incidence 
of respiratory related illness (P = 0.05).  A MR by starter grain interaction also existed during 
wk 9 (P = 0.02), indicating calves fed HS had a higher incidence of respiratory related illness. 
 The logistic models for the use of medication with antibiotics and the occurrence of 
scours (fecal score > 2) are presented in Table 2.12.  Calves fed H MR tended to be less likely to 
be medicated than those fed S MR (OR = 0.53, P = 0.11).  The use of medication tended to be 
less for calves fed treatment HS when compared with calves fed treatment SS (OR = 0.34, P = 
0.07) and for calves fed treatment HS when compared with calves fed SH (OR = 0.32, P = 0.06).  
The occurrence of scours was less for calves that were fed H MR over those that were fed S MR 
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(OR = 0.56, P = 0.02).  Calves fed treatment HS were less likely to experience scours when 
compared with calves fed treatment SS (OR = 0.45, P = 0.03).  Additionally, calves fed 
treatment HS were less likely to have the occurrence of scours when compared with calves fed 
SH (OR = 0.35, P = 0.01). 
 The logistic models for the duration of medical treatment and the number of days with 
scours are in Table 2.13.  All treatments were compared with the control treatment SS.  Calves 
fed treatment HS had a shorter duration of medical treatment when compared with calves fed 
treatment SS (0.44 days, P = 0.02).  Additionally, calves fed treatment HS had fewer days with 
scours when compared with calves fed treatment SS (1.00 days, P < 0.01).  No differences were 
detected when comparing treatments SH and HH to treatment SS for either duration of medical 
treatment or number of days with scours (Table 2.13). 
 Logistic models for the occurrence and duration of respiratory illness and milk 
replacer refusal (data not shown) were not different among treatments or between calves fed 
either H or S MR (P > 0.15).   
DISCUSSION 
 Although supplemented amounts of Zn, Cu, and Mn were nearly identical, final measured 
concentrations of these minerals were quite variable (Table 2.1).  Basal concentrations of the TM 
were not taken into consideration when supplementing the feeds with sulfate or hydroxy TM.  
Intake data in this study showed increased total Zn intake for calves that consumed H TM from 
either MR or starter over calves that consumed only S TM feeds (Table 2.3).  This effect is 
particularly emphasized for calves that were fed H starter, where analyzed Zn concentration was 
nearly 40 ppm greater than the S starter.  Total Cu and Mn intake also followed a similar trend, 
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where calves that were fed H TMs from MR had significantly higher Cu and Mn intake over 
calves fed S MR.  Although the degree of difference in analyzed Cu and Mn within MR 
treatments is less than the analyzed Zn differences within the same feed, differences still may 
have influenced total Cu and Mn intake.  This created difficulty in assessing whether true 
increased mineral intake was due to increased consumption of MR and starter DM or due to the 
increased concentration of minerals in the treatment feeds.  Total DMI tended to be different 
between calves fed H MR and S MR, favoring calves that were fed H MR (Table 2.2).  When 
broken into periods, total DMI tended to be higher during the liquid period for calves fed 
hydroxy MR and was numerically higher during the post-weaning and weaning periods.  From 
this, it is believed that the increased intake of TM for calves fed H TM resulted from a 
combination of both increased DMI of the H MR as well as the increased concentration of TM in 
both the H MR and H starter.  Future studies should ensure consistent TM concentrations in all 
treatment feeds so that any increased TM intake is solely due to increased DMI of the treatment 
feeds. It should be noted that regardless of treatment, all feeds were formulated above the NRC 
recommendations for TM concentrations (NRC, 2001).  
 As previously stated, starter and total DMI tended to be greater for calves fed H MR 
(Table 2.2).  When looking at starter and total intake by periods, calves fed H MR tended to 
consume more starter and total DM during the liquid period (Table 2.4 and 2.5).  This would 
suggest that calves fed hydroxy MR were more likely to consume starter at an earlier age and to 
maintain greater consumption after weaning.  These findings are in contrast to work done by Fry 
et al. (2010), who found no differences in average daily fed intake when weanling pigs were fed 
either S or H Cu forms.  Furthermore, Osorio et al. (2012) evaluated intakes of calves fed MR 
and starter supplemented with either sulfate or organic forms of Zn, Cu, and Mn and found no 
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differences in starter and total intake between TM forms.  No differences in DMI were detected 
in heifers fed a forage based diet and supplemented with either S or H TM; however, intake 
differences did exist between heifers supplemented with TM and those who were not 
supplemented (Arthington and Spears, 2007).  Given the variability of intake results in previous 
research, future studies similar to the current study would be advantageous to reinforce these 
results.  
 Final BW and measurements were not different, with the exception of withers height 
being greater in calves consuming H MR (Table 2.6).  Additionally, mean BW, ADG, gain to 
feed ratio, and mean body measurements were not different among treatments, except for withers 
height (Table 2.7).  In shipping-stressed beef calves fed either sulfate, organic, or hydroxy TM, 
no differences in final BW, mean BW, or ADG were observed (Ryan et al., 2014).  Conversely, 
preweaned beef calves tended to have greater BW when creep feed was supplemented with H 
TM compared with calves that were supplemented with S TM (Arthington, 2014).  Interestingly, 
although final and mean BW was not statistically different among treatments in the current 
study, numerical differences did exist, particularly between calves fed H S MR.  Further 
investigation is needed to evaluate if true differences in BW are present. 
 Occurrence of scours was significantly less and administration of medication tended to be 
less in animals that were given milk replacer supplemented with H TM (Table 2.12).  
Additionally, calves treated with H milk replacer and S starter exemplified significantly less days 
of having scours and being medicated when compared with calves fed S MR plus S starter (Table 
2.13).  The results indicate that H TM have added health benefits when fed to calves.  Previous 
research has shown that calves fed organically sourced TM had a significantly lower mortality 
rate in the early stages of life compared with calves fed S sourced TM (Osorio et al., 2012).  This 
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was thought to be a result of the increased bioavailability of organically sourced TM over S 
sourced TM.  Arthington and Spears (2007) demonstrated similar bioavailability of H sourced 
Cu when compared with organically sourced Cu in yearling steers.  Furthermore, Cheng et al. 
(2011) found similar results when both hydroxy and organic TM were fed to finishing lambs.  It 
is reasonable to conclude, given previous findings, that the H TM fed to these calves were more 
bioavailable than the S sourced TM.   Greater bioavailability of TM could result in the calf 
absorbing a greater quantity of minerals, allowing a greater quantity to be utilized in immune 
function and improving the health of the animal.  Recent research has reported that transition 
cows fed H TM had 0.15 μM lower concentration of thiobarbituric acid-reactive substances, a 
byproduct produced by damage from oxidative stress, when compared with transition cows feed 
sulfate TM (Yasui et al., 2014).  This would suggest that these cows experienced less oxidative 
stress and had improved health status.  Similar effects could have also occurred within the 
current study; however, future research, including the evaluation of oxidative stress, should be 
considered. 
CONLUSIONS 
 Previous research on supplemented H TM has shown considerable health and 
performance benefits, particularly within transition and lactating dairy cattle as well as beef 
cattle.  The current study demonstrated that dairy calves fed MR supplemented with H TMs had 
a decreased occurrence of scours and tended to have a decreased occurrence of medication use 
when compared with calves fed MR supplemented with S TM.  Duration of scours and 
medication use was less when calves were fed H MR plus S starter.  Calves fed H MR tended to 
consume more total DM as well as more Zn, Cu, and Mn; however, it is undetermined whether 
the increase in TM consumption is a result of the consumption of more feed, the increased 
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concentration of TM in feeds supplemented with hydroxy TM, or a combination of these two 
factors.  With the exception of withers height, BW and body measurements remained statistically 
similar among treatments.  Calves fed either MR or starter supplemented with H TM showed 
increased Zn concentration in plasma although this may be influenced by increased intakes of Zn 
relative to calves fed either sulfate MR or starter.  Overall, the results of this study show that H 
TM had small impacts on growth but improved the overall health of the calves when included in 
the MR but not in starter.    
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TABLES AND FIGURES 
Table 2.1. Analyzed chemical composition of milk replacers and starter grain by trace mineral source (DM Basis). 
 Feed type 
 Milk replacer Starter grain 
Nutrient1 Sulfate (S) Hydroxy (H) SEM Sulfate (S) Hydroxy (H) SEM 
DM, % 94.99 94.92 0.32 88.81 88.79 0.36 
CP, % of DM 29.26 29.42 0.14 25.96 25.84 0.32 
Soluble protein, % of CP 92.63 92.36 0.92 12.83 11.26 1.10 
Crude fat, % of DM 22.03 21.45 0.08 . . . 
ME, Mcal/kg 4.53 4.51 0.04 3.42 3.43 0.01 
Ash, % of DM 11.62 11.54 0.08 7.34 7.26 0.22 
Ca, % of DM 0.91 0.91 0.03 1.13 1.07 0.03 
P, % of DM 0.89 0.89 0.01 0.49 0.49 0.01 
Mg, % of DM 0.15 0.15 0.003 0.23 0.25 0.01 
K, % of DM 2.73 2.73 0.05 1.36 1.33 0.03 
Na, % of DM 1.15 1.15 0.04 0.31 0.30 0.01 
S, % of DM 0.43 0.44 0.004 - - - 
Fe, ppm  70.1 71.3 4.94 131.29 135.10 3.17 
Zn, ppm 66.9 77.9 4.34 135.62 174.64 3.45 
Cu, ppm 9.8 11.0 1.49 30.14 30.57 0.74 
Mn, ppm 47.4 54.3 3.4 95.0 101.0 1.8 
Mo, ppm 0.83 0.81 0.06 2.01 2.06 0.05 
Supplemented Zn2, ppm 51.9 52.0 - 85.4 80.3 - 
Supplemented Cu2, ppm 10.4 10.4 - 19.4 13.8 - 
Supplemented Mn2, ppm 51.9 52.0 - 63.6 63.1 - 
1 Feeds were sampled weekly from week 1 to 7 and week 1 to 9 for milk replacer and starter grain, respectively. 
2 Formulated concentration supplemented in each of the feeds.  Concentration added to basal concentrations already in the feeds.  
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Table 2.2. Intakes of dry matter (DM), crude protein (CP), and metabolizable energy (ME) from wk 1 to 9 for calves fed milk replacer 
(MR) and starter (G) treatments containing either sulfate (S) or hydroxy (H) sources of trace minerals. 
    P-Value1 
 Milk replacer Starter grain  Main effects Interaction 
Variable Sulfate Hydroxy SEM Sulfate Hydroxy SEM Cov2 MR G MR×G 
Milk replacer           
   DM, g/d 754.0 756.2 1.1 755.1 755.1 1.5 0.08 0.15 0.96 0.44 
   CP g/d 223.1 224.0 0.3 223.6 223.5 0.3 0.08 0.03 0.92 0.48 
   ME, Mcal/d 3.42 3.41 0.01 3.42 3.42 0.01 0.08 0.30 0.97 0.43 
Starter           
   DM, g/d 1081.9 1186.5 49.2 1151.1 1117.3 49.1 <0.01 0.13 0.62 0.59 
   CP, g/d 275.4 301.9 12.0 289.0 288.2 12.0 <0.01 0.12 0.96 0.59 
   ME, Mcal/d 3.70 4.06 0.17 3.92 3.84 0.17 <0.01 0.13 0.72 0.60 
Total           
   DM, g/d 1668.1 1774.7 49.1 1738.4 1704.4 49.08 <0.01 0.12 0.62 0.59 
   CP, g/d 448.8 476.2 12.1 462.9 462.1 12.1 <0.01 0.11 0.96 0.59 
   ME, Mcal/d 6.36 6.72 0.17 6.58 6.50 0.2 <0.01 0.13 0.71 0.59 
1 Main effect of time was significant (P < 0.05) for all variables. All interactions with time were non-significant (P > 0.15) 
2 Covariate parameter P-value associated with given variable.  
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Table 2.3. Intakes of zinc, copper, and manganese from wk 1 to 9 for calves fed milk replacer (MR) and starter grain (G) treatments containing 
either sulfate (S) or hydroxy (H) sources of trace minerals. 
    P-Value1 
 Milk replacer Starter grain  Main effects Interactions 
Variable Sulfate Hydroxy SEM Sulfate Hydroxy SEM Cov2 MR G 
MR×
G 
MR×
Time 
G× 
Time 
MR×G
×Time 
Total zinc (mg/d) 207.0 231.8 6.4 198.0 240.8 6.4 <0.01 0.01 <0.01 0.95 0.52 <0.01 0.99 
Total copper (mg/d) 38.6 42.9 1.3 40.7 40.8 1.3 <0.01 0.02 0.94 0.79 0.32 0.91 0.98 
Total manganese (mg/d) 133.7 149.6 4.1 138.8 144.5 4.1 <0.01 0.01 0.32 0.82 0.44 0.75 0.98 
1 Main effect of time was significant (P < 0.05) for all variables. 
2 Covariate parameter P-value associated with given variable.  
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Figure 2.1. Daily DMI for milk replacer (MR) from wk 1 to 7 (panel A) and starter grain (G) from wk 1 to 9 (panel B). Trace mineral sources 
were sulfate (S) or hydroxy (H) forms.  Treatments were: SS = S MR, S G; SH = S MR, H G; HS = H MR, S G; HH = H MR, H G. *Denotes 
effects of Treatment x Time (P < 0.05). † Denotes effects of MR x Starter x Time (P < 0.15).  
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Figure 2.2. Daily total intake of zinc (panel A), copper (panel B), and 
manganese (panel C) from wk 1 to 9. Trace mineral sources were sulfate 
(S) or hydroxy (H) forms. Treatments were: SS = S in milk replacer 
(MR), S in starter grain (G); SH = S MR, H G; HS = H MR, S G; HH = 
H MR, H G. *Denotes effects of Treatment x Time (P < 0.05).  
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Table 2.4. Intakes of dry matter (DM), crude protein (CP), and metabolizable energy (ME) during the liquid feeding (0 to 4 wk), 
weaning (5 to 7 wk), and post-weaned (8 and 9 wk) periods for calves fed milk replacer (MR) and starter grain (G) treatments containing 
either sulfate (S) or hydroxy (H) sources of trace minerals. 
    P-Value1 
 Milk replacer Starter grain  Main effects Interaction 
Variable and period Sulfate Hydroxy SEM Sulfate Hydroxy SEM Cov2 MR G MR×G 
Milk replacer DM (g/d)    
  Liquid 
  Weaning  
  Post-weaning 
 
811.8 
677.1 
- 
 
815.5 
677.0 
- 
 
1.7 
0.7 
- 
 
813.7 
677.1 
- 
 
813.7 
677.0 
- 
 
1.7 
0.7 
- 
 
NS 
NS 
- 
 
0.14 
0.88 
- 
 
0.99 
0.93 
- 
 
0.16 
0.17 
- 
Milk replacer CP (g/d) 
  Liquid 
  Weaning  
  Post-Weaning 
 
240.3 
200.1 
- 
 
241.9 
200.2 
- 
 
0.5 
0.2 
- 
 
241.2 
200.1 
- 
 
241.1 
200.2 
- 
 
0.5 
0.2 
- 
 
NS 
NS 
- 
 
0.03 
0.78 
- 
 
0.91 
0.96 
- 
 
0.18 
0.25 
- 
Milk replacer ME (Mcal/d) 
  Liquid 
  Weaning  
  Post-weaning 
 
3.69 
3.07 
- 
 
3.68 
3.05 
- 
 
0.01 
0.003 
- 
 
3.68 
3.06 
- 
 
3.68 
3.06 
- 
 
0.01 
0.003 
- 
 
NS 
NS 
- 
 
0.80 
<0.01 
- 
 
0.97 
0.99 
- 
 
0.16 
0.16 
- 
Starter DM (g/d)   
  Liquid 
  Weaning  
  Post-weaning 
 
171.9 
1110.8 
2856.3 
 
228.5 
1226.8 
3040.7 
 
24.4 
70.9 
101.7 
 
207.1 
1174.6 
3003.7 
 
193.3 
1162.9 
2893.3 
 
24.3 
70.8 
101.7 
 
<0.01 
<0.01 
0.03 
 
0.10 
0.24 
0.20 
 
0.68 
0.91 
0.44 
 
0.55 
0.60 
0.38 
Starter CP (g/d) 
  Liquid 
  Weaning  
  Post-weaning 
 
44.0 
280.8 
729.5 
 
58.5 
310.2 
775.8 
 
6.2 
17.8 
25.6 
 
53.26 
297.7 
747.6 
 
49.2 
293.3 
757.7 
 
6.2 
17.8 
25.7 
 
<0.01 
<0.01 
0.03 
 
0.10 
0.24 
0.20 
 
0.64 
0.86 
0.78 
 
0.55 
0.59 
0.39 
Starter ME (Mcal/d)    
  Liquid 
  Weaning 
  Post-weaning 
 
0.59 
3.79 
9.78 
 
0.79 
4.19 
10.41 
 
0.08 
0.24 
0.35 
 
0.71 
4.00 
10.24 
 
0.67 
3.98 
9.95 
 
0.08 
0.24 
0.35 
 
<0.01 
<0.01 
0.03 
 
0.09 
0.24 
0.20 
 
0.78 
0.95 
0.56 
 
0.53 
0.60 
0.38 
1 Main effect of time was significant (P < 0.05) for all variables. All interactions with time were non-significant (P > 0.15) 
2 Covariate parameter P-value associated with given variable.  
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Table 2.5. Intakes of total dry matter (DM), crude protein (CP), and metabolizable energy (ME)  during the liquid feeding (0 to 4 wk), weaning (5 
to 7 wk), and post-weaned (8 and 9 wk) periods for calves fed milk replacer (MR) and starter grain (G) treatments containing either sulfate (S) or 
hydroxy (H) sources of trace minerals.  
    P-Value1 
 Milk replacer Starter grain  Main effects Interactions 
Variable and period Sulfate Hydroxy SEM Sulfate Hydroxy SEM Cov2 MR G 
MR×
G 
MR×
Time 
G× 
Time 
MR×G
×Time 
Total DM, g/d 
  Liquid 
  Weaning  
  Post-weaning 
 
983.5 
1787.8 
2856.3 
 
1044.1 
1903.8 
3040.7 
 
24.5 
70.7 
101.7 
 
1020.8 
1851.7 
3003.7 
 
1006.7 
1839.9 
2893.3 
 
24.4 
70.7 
101.7 
 
<0.01 
<0.01 
0.03 
 
0.08 
0.24 
0.20 
 
0.68 
0.90 
0.44 
 
0.61 
0.61 
0.38 
 
0.27 
0.79 
0.51 
 
0.22 
0.93 
0.18 
 
0.24 
0.77 
0.98 
Total CP, g/d 
  Liquid 
  Weaning  
  Post-weaning 
 
284.2 
480.9 
729.5 
 
300.4 
510.4 
775.8 
 
6.2 
17.8 
25.6 
 
294.4 
497.8 
747.6 
 
290.2 
493.5 
757.7 
 
6.2 
17.8 
25.7 
 
<0.01 
<0.01 
0.03 
 
0.07 
0.24 
0.20 
 
0.63 
0.86 
0.78 
 
0.61 
0.60 
0.39 
 
0.27 
0.80 
0.59 
 
0.21 
0.93 
0.53 
 
0.23 
0.77 
0.95 
Total ME, Mcal/d 
  Liquid 
  Weaning 
  Post-weaning 
 
4.27 
6.86 
9.78 
 
4.47 
7.24 
10.41 
 
0.08 
0.24 
0.35 
 
4.39 
7.06 
10.24 
 
4.36 
7.04 
9.95 
 
0.08 
0.24 
0.35 
 
<0.01 
<0.01 
0.03 
 
0.10 
0.26 
0.20 
 
0.77 
0.95 
0.56 
 
0.60 
0.61 
0.38 
 
0.28 
0.79 
0.51 
 
0.16 
0.93 
0.20 
 
0.23 
0.77 
0.98 
Total zinc, mg/d 
  Liquid 
  Weaning3 
  Post-weaning 
 
80.3 
203.1 
442.8 
 
98.1 
230.2 
482.1 
 
3.7 
1.14 
12.9 
 
86.3 
196.1 
406.6 
 
92.1 
238.5 
518.3 
 
3.7 
1.14 
13.0 
 
<0.01 
<0.01 
0.01 
 
<0.01 
0.07 
0.03 
 
0.26 
0.01 
<0.01 
 
0.51 
0.56 
0.81 
 
0.13 
0.04 
0.57 
 
0.34 
0.51 
0.66 
 
0.19 
0.94 
0.80 
Total copper, mg/d 
  Liquid 
  Weaning 
  Post-weaning 
 
13.1 
40.8 
86.5 
 
15.7 
45.0 
94.5 
 
0.7 
2.0 
2.6 
 
14.6 
42.7 
90.4 
 
14.3 
43.1 
90.7 
 
0.7 
2.0 
2.6 
 
<0.01 
<0.01 
0.01 
 
0.01 
0.14 
0.03 
 
0.78 
0.88 
0.92 
 
0.61 
0.85 
0.64 
 
0.19 
0.37 
0.58 
 
0.33 
0.98 
0.25 
 
0.22 
0.96 
0.85 
Total manganese, mg/d 
  Liquid 
  Weaning 
  Post-weaning 
 
55.0 
142.5 
279.4 
 
66.2 
157.8 
305.0 
 
2.3 
6.4 
8.2 
 
60.6 
146.7 
284.6 
 
60.6 
153.6 
299.7 
 
2.3 
6.4 
8.3 
 
<0.01 
<0.01 
0.01 
 
<0.01 
0.09 
0.03 
 
0.99 
0.45 
0.20 
 
0.60 
0.87 
0.67 
 
0.15 
0.38 
0.58 
 
0.45 
0.82 
0.41 
 
0.22 
0.96 
0.84 
1 Main effect of time was significant (P < 0.05) for all variables. 
2 Covariate parameter P-value associated with given variable. 
3 Least squares means estimated by logarithmic transformation. 
4 Back transformed standard error.
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Figure 2.3. Contribution of milk replacer (MR) and starter grain (G) to total DMI 
during both the liquid (wk 0 to 4) and pre-weaned (wk 5 to 7) periods for calves fed 
either sulfate (S) or hydroxy (H) sources of trace minerals. Treatments include: SS = 
S MR, S G; SH = S MR, H G; HS = H MR, S G; HH = H MR, H G.  
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Table 2.6. Initial body weight (BW), final BW, and final body confirmation measurements for calves fed milk replacer (MR) and 
starter grain (G) treatments containing either sulfate (S) or hydroxy (H) sources of trace minerals. 
    P-Value 
 Milk replacer Starter grain  Main effects Interaction 
Variable Sulfate Hydroxy SEM Sulfate Hydroxy SEM Cov1 MR G MR×G 
Initial BW, kg 42.48 41.71 1.07 42.01 42.19 1.07 NS 0.61 0.90 0.53 
Final BW, kg 98.09 100.52 1.92 98.63 99.98 1.95 <0.01 0.37 0.62 0.74 
Body length, cm 92.6 93.1 0.7 92.6 93.1 0.8 <0.01 0.65 0.68 0.39 
Heart girth, cm 107.2 108.2 0.7 107.7 107.7 0.7 <0.01 0.32 0.99 0.99 
Withers height, cm 93.0 94.5 0.5 94.0 93.5 0.5 <0.01 0.02 0.44 0.93 
Hip height, cm 98.1 98.8 0.5 98.6 98.3 0.5 <0.01 0.33 0.71 0.22 
Hip width, cm 28.1 28.0 0.3 28.1 28.0 0.3 <0.01 0.72 0.86 0.90 
1 Covariate parameter P-value associated with given variable.  
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Table 2.7. Body weight (BW), average daily gain (ADG), feed efficiency (gain-to-feed ratio),  body measurements, and ADG of body 
measurements from wk 1-9 for calves fed milk replacer (MR) and starter grain (G) treatments containing either sulfate (S) or hydroxy (H) 
sources of trace minerals. 
    P-Value1 
 Milk replacer Starter grain  Main effects Interactions 
Variable Sulfate Hydroxy SEM Sulfate Hydroxy SEM Cov2 MR G 
MR×
G 
MR×
Time 
G× 
Time 
MR×G
×Time 
Mean BW, kg 69.03 70.93 0.91 69.77 70.18 0.91 <0.01 0.14 0.75 0.81 0.99 0.51 0.99 
ADG, g/d 883.7 926.2 31.3 898.7 911.2 31.4 NS 0.34 0.78 0.81 0.99 0.28 0.99 
Gain to feed3 0.51 0.53 1.044 0.50 0.54 1.044 0.02 0.48 0.14 0.22 0.90 0.32 0.44 
Body length, cm 84.1 83.5 0.4 83.9 83.7 0.4 <0.01 0.82 0.29 0.43 0.08 0.50 0.46 
   Body length ADG, cm/d 0.33 0.33 0.02 0.33 0.33 0.03 0.01 0.78 0.99 0.65 0.12 0.26 0.35 
Heart girth, cm 93.5 94.3 0.4 94.1 93.7 0.4 <0.01 0.14 0.49 0.74 0.58 0.96 0.64 
   Heart girth ADG, cm/d 0.44 0.45 0.01 0.44 0.44 0.01 0.02 0.55 0.94 0.83 0.46 0.85 0.18 
Withers height, cm 86.4 87.2 0.3 87.3 86.3 0.3 <0.01 0.06 0.02 0.76 0.13 0.36 0.78 
   Withers height ADG, 
cm/d 
0.22 0.25 0.01 0.24 0.23 0.01 0.02 0.13 0.50 0.98 0.11 0.01 0.82 
Hip height, cm 90.9 91.2 0.3 91.3 90.8 0.3 <0.01 0.46 0.21 0.77 0.92 0.77 0.01 
   Hip height ADG, cm/d 0.24 0.25 0.01 0.25 0.24 0.01 NS 0.58 0.74 0.37 0.91 0.50 <0.01 
Hip width, cm 25.3 25.5 0.1 25.4 25.4 0.1 <0.01 0.47 0.87 0.74 0.83 0.76 0.80 
   Hip width ADG, cm/d 0.09 0.10 0.01 0.10 0.09 0.01 NS 0.65 0.75 0.97 0.95 0.66 0.89 
1 Main effect of time was significant (P < 0.05) for all variables. 
2 Covariate parameter P-value associated with given variable. 
3 Least squares means estimated by logarithmic transformation. 
4 Back transformed standard error.  
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Figure 2.4. Weekly BW (panel A), average daily gain (ADG) (panel B), gain to feed ratio (panel C), body length (panel D), heart girth (panel E), 
withers height (panel F), hip height (panel G), and hip width (panel H) from wk 1 to 9 for calves fed milk replacer (MR) and starter (G) containing 
either sulfate (S) or hydroxy (H) sources of trace minerals. Treatments were: SS= S in milk replacer (MR), S in starter grain (G); SH = S MR, H 
G; HS = H MR, S G; HH = H MR, H G. *Denotes effects of Treatment x Time (P < 0.05). † Denotes effects of Treatment x Time (P < 0.15).
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Figure 2.4. (cont.)   
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Table 2.8. Body weight and body measurements during the liquid feeding (0 to 4 wk), weaning (5 to 7 wk), and post-weaned (8 and 9 wk) periods 
for calves fed milk replacer (MR) and starter grain (G) treatments containing either sulfate (S) or hydroxy (H) sources of trace minerals. 
    P-Value 
 Milk replacer Starter grain  Main effects Interactions 
Variable and phase Sulfate Hydroxy SEM Sulfate Hydroxy SEM Cov1 MR G 
MR×
G 
MR×
Time 
G× 
Time 
MR×G
×Time 
Body weight, kg 
  Liquid 
  Weaning  
  Post-weaning 
 
52.53 
74.64 
93.74 
 
54.01 
76.67 
96.31 
 
0.57 
1.00 
1.76 
 
53.23 
75.70 
93.98 
 
53.31 
75.62 
96.07 
 
0.57 
1.00 
1.79 
 
<0.01 
<0.01 
<0.01 
 
0.07 
0.15 
0.30 
 
0.92 
0.95 
0.40 
 
0.87 
0.64 
0.82 
 
0.39 
0.99 
0.88 
 
0.73 
0.85 
0.38 
 
0.30 
0.92 
0.72 
ADG, g/d 
  Liquid 
  Weaning  
  Post-weaning2 
 
650.7 
943.5 
1257.4 
 
723.0 
968.5 
1262.2 
 
28.0 
53.2 
135.4 
 
686.4 
982.6 
1197.3 
 
687.2 
929.4 
1322.3 
 
28.0 
53.2 
137.6 
 
NS 
NS 
NS 
 
0.07 
0.74 
0.98 
 
0.98 
0.48 
0.52 
 
0.72 
0.90 
0.85 
 
0.27 
0.97 
0.92 
 
0.67 
0.95 
0.06 
 
0.22 
0.84 
0.88 
Gain to feed 
  Liquid3 
  Weaning3 
  Post-weaning2 
 
0.59 
0.54 
0.46 
 
0.63 
0.54 
0.40 
 
1.054 
1.074 
0.04 
 
0.60 
0.51 
0.41 
 
0.62 
0.57 
0.45 
 
1.054 
1.074 
0.05 
 
NS 
0.04 
NS 
 
0.28 
0.86 
0.38 
 
0.53 
0.28 
0.61 
 
0.72 
0.01 
0.96 
 
0.49 
0.91 
0.66 
 
0.50 
0.09 
0.11 
 
0.91 
0.24 
0.77 
Length, cm 
  Liquid 
  Weaning  
  Post-weaning 
 
78.2 
86.2 
91.9 
 
77.1 
86.7 
92.6 
 
0.4 
0.5 
0.7 
 
77.9 
86.9 
92.5 
 
77.4 
86.1 
91.9 
 
0.4 
0.5 
0.7 
 
<0.01 
<0.01 
<0.01 
 
0.07 
0.44 
0.45 
 
0.47 
0.23 
0.57 
 
0.49 
0.38 
0.60 
 
0.49 
0.65 
0.54 
 
0.45 
0.82 
0.05 
 
0.59 
0.08 
0.39 
Heart girth, cm 
  Liquid 
  Weaning  
  Post-weaning 
 
85.7 
96.0 
105.1 
 
86.1 
97.4 
106.3 
 
0.3 
0.5 
0.6 
 
86.1 
97.0 
105.7 
 
85.7 
96.4 
105.7 
 
0.3 
0.5 
0.6 
 
<0.01 
<0.01 
<0.01 
 
0.45 
0.04 
0.17 
 
0.35 
0.40 
0.98 
 
0.24 
0.91 
0.87 
 
0.96 
0.31 
0.54 
 
0.46 
0.92 
0.86 
 
0.68 
0.31 
0.91 
Withers height, cm 
  Liquid 
  Weaning  
  Post-weaning 
 
82.3 
88.1 
92.0 
 
82.8 
89.1 
93.2 
 
0.3 
0.4 
0.4 
 
83.0 
89.3 
93.0 
 
82.1 
88.0 
92.2 
 
0.2 
0.4 
0.4 
 
<0.01 
<0.01 
<0.01 
 
0.21 
0.07 
0.04 
 
0.03 
0.02 
0.17 
 
0.58 
0.76 
0.78 
 
0.41 
0.50 
0.05 
 
0.63 
0.05 
0.23 
 
0.80 
0.16 
0.72 
Hip height, cm 
  Liquid 
  Weaning  
  Post-weaning 
 
86.4 
93.0 
96.9 
 
86.6 
93.3 
97.4 
 
0.3 
0.4 
0.4 
 
86.7 
93.5 
97.3 
 
86.3 
92.8 
97.1 
 
0.3 
0.4 
0.4 
 
<0.01 
<0.01 
<0.01 
 
0.46 
0.63 
0.43 
 
0.24 
0.18 
0.67 
 
0.55 
0.51 
0.52 
 
0.65 
0.84 
0.40 
 
0.91 
0.19 
0.95 
 
0.05 
0.08 
0.08 
Hip width, cm 
  Liquid 
  Weaning  
  Post-weaning 
 
23.5 
26.4 
27.4 
 
23.6 
26.5 
27.8 
 
0.1 
0.2 
0.3 
 
23.5 
26.5 
27.7 
 
23.5 
26.5 
27.5 
 
0.2 
0.2 
0.3 
 
<0.01 
<0.01 
<0.01 
 
0.74 
0.72 
0.28 
 
0.99 
0.79 
0.54 
 
0.84 
0.44 
0.71 
 
0.69 
0.69 
0.46 
 
0.29 
0.29 
0.64 
 
0.36 
0.23 
0.79 
1 Covariate parameter P-value associated with given variable. 
2 Main effect of time was non-significant (P > 0.15), all other variables had significant time effect (P < 0.05) 
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Table 2.8. (cont.)  
3 Least squares means estimated by logarithmic transformation. 
4 Back transformed standard error.  
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Table 2.9. Plasma concentrations of albumin, total protein, zinc, copper, and manganese for calves fed milk replacer (MR) 
and starter grain (G) containing either sulfate (S) or hydroxy (H) sources of trace minerals1. 
   P-Value2 
 Milk replacer Starter grain Main effects Interactions 
Variable Sulfate Hydroxy SEM Sulfate Hydroxy SEM MR G 
MR×
G 
MR×G
×Time 
Overall albumin, g/dL 3.03 3.00 0.03 3.03 3.00 0.03 0.48 0.57 0.65 0.37 
   Day 14 2.82 2.72 0.04 2.78 2.75 0.04 0.10 0.63 0.33 - 
   Day 28 2.95 2.93 0.04 2.95 2.93 0.04 0.81 0.70 0.75 - 
   Day 56 3.32 3.35 0.04 3.34 3.33 0.04 0.69 0.76 0.87 - 
           
Overall total protein, g/dL 5.66 5.65 0.06 5.65 5.65 0.06 0.93 0.97 0.11 0.04 
   Day 14 5.52 5.44 0.08 5.48 5.48 0.08 0.51 0.96 0.84 - 
   Day 28 5.35 5.29 0.08 5.30 5.35 0.08 0.60 0.63 0.12 - 
   Day 56 6.10 6.21 0.08 6.19 6.12 0.08 0.31 0.53 0.21 - 
           
Overall zinc3, µg/mL 1.24 1.34 0.03 1.27 1.31 0.03 0.02 0.33 0.32 0.33 
   Day 14 1.32 1.38 0.05 1.32 1.38 0.05 0.36 0.30 0.31 - 
   Day 28 1.21 1.33 0.05 1.28 1.27 0.05 0.05 0.90 0.15 - 
   Day 56 1.19 1.29 0.05 1.21 1.27 0.05 0.13 0.35 0.32 - 
           
Overall copper, µg/mL 0.84 0.80 0.02 0.82 0.83 0.02 0.24 0.73 0.72 0.81 
   Day 14 0.93 0.88 0.03 0.91 0.90 0.03 0.22 0.81 0.66 - 
   Day 28 0.86 0.79 0.03 0.82 0.82 0.03 0.09 0.99 0.36 - 
   Day 56 0.74 0.74 0.03 0.72 0.76 0.03 0.88 0.29 0.75 - 
           
Overall manganese, ng/mL 3.22 3.11 0.15 3.20 3.14 0.15 0.59 0.77 0.16 0.64 
   Day 14 2.72 3.17 0.26 2.87 3.02 0.26 0.21 0.67 0.59 - 
   Day 28 2.90 2.46 0.26 2.65 2.71 0.26 0.21 0.87 0.62 - 
   Day 56 4.04 3.70 0.26 4.07 3.68 0.26 0.35 0.28 0.20 - 
1 Blood was taken immediately before feeding on d 14, 28, and 56. 
2 Interactions of MR × time and G × time were non-significant (P > 0.15) for all variables. 
3 Main effect of time was non-significant (P > 0.15), all other variables had significant time effect (P < 0.05).  
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Table 2.10. Plasma concentrations of glucose, non-esterified fatty acids (NEFA), and urea N in calves fed milk replacer (MR) 
and starter grain (G) containing either sulfate (S) or hydroxy (H) sources of trace minerals1. 
    P-Value2 
 Milk replacer Starter grain  Main effects Interactions 
Variable Sulfate Hydroxy SEM Sulfate Hydroxy SEM Cov3 MR G MR×G 
Overall glucose, mg/dL 98.09 98.91 1.77 98.08 98.92 1.79 <0.01 0.74 0.74 0.20 
   Day 14 104.16 103.80 2.71 105.40 102.56 2.73  0.92 0.46 0.87 
   Day 28 110.02 113.78 2.73 111.61 112.19 2.74  0.33 0.88 0.36 
   Day 56 80.09 79.15 2.72 77.24 82.00 2.71  0.81 0.22 0.57 
           
Overall NEFA, mEq/L 0.125 0.144 0.006 0.13 0.14 0.01 <0.01 0.05 0.36 0.36 
   Day 14 0.16 0.18 0.01 0.16 0.17 0.01  0.20 0.70 0.55 
   Day 28 0.15 0.16 0.01 0.16 0.15 0.01  0.54 0.63 0.78 
   Day 56 0.07 0.09 0.01 0.06 0.09 0.01  0.15 0.11 0.09 
           
Overall urea N, mg/dL 21.75 21.75 0.49 21.96 21.54 0.49 <0.01 0.99 0.54 0.60 
   Day 14 24.56 23.05 0.81 24.27 23.34 0.81  0.19 0.41 0.47 
   Day 28 23.17 24.54 0.82 23.70 24.00 0.83  0.23 0.79 0.31 
   Day 56 17.51 17.67 0.85 17.90 17.27 0.86  0.89 0.58 0.86 
1 Blood was taken 4 hours post feeding on d 14, 28, and 56. 
2 Main effect of time is significant (P < 0.05) all variables. All interactions with time were non-significant (P > 0.15) 
3 Covariate parameter P-value associated with given variable.  
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Table 2.11. Frequency of electrolyte administration and health events for calves fed milk replacer (MR) and starter grain (G) containing either 
sulfate (S) or hydroxy (H) sources of trace minerals. 
   P-Value 
 Milk replacer Starter grain Main effects Interaction 
Variable Sulfate Hydroxy Sulfate Hydroxy MR G MR×G 
Calves that received electrolytes        
   Week 1 2/32 1/32 2/32 1/32 0.55 0.55 0.79 
   Week 2 8/32 5/31 5/32 8/32 0.35 0.35 0.09 
   Week 3 9/32 3/31 8/32 4/32 0.05 0.20 0.12 
Scours (Fecal score > 2)        
   Week 1 14/32 13/32 9/32 18/32 0.80 0.02 0.12 
   Week 2 16/32 11/31 13/32 14/32 0.21 0.80 0.35 
   Week 3 8/32 7/31 6/32 9/32 0.77 0.38 0.16 
   Week 4 0/32 0/31 0/32 0/32 - - - 
   Week 5 3/32 5/31 3/32 5/32 0.45 0.45 0.77 
   Week 6 11/32 14/31 13/32 12/32 0.44 0.80 0.51 
   Week 7 2/32 1/31 1/32 2/32 0.55 0.55 0.79 
   Week 8 2/32 0/31 1/32 1/32 0.15 0.99 0.56 
   Week 9 8/32 8/31 6/32 10/31 0.99 0.25 0.56 
Medication administered        
   Week 1 4/32 6/32 4/32 6/32 0.49 0.49 0.70 
   Week 2 12/32 7/31 8/32 11/32 0.17 0.41 0.36 
   Week 3 7/32 2/31 5/32 4/32 0.07 0.72 0.09 
   Week 4 0/32 1/31 1/32 0/32 0.31 0.31 0.38 
   Week 5 0/32 0/31 0/32 0/32 - - - 
   Week 6 0/32 0/31 0/32 0/32 - - - 
   Week 7 1/32 2/31 2/32 1/32 0.55 0.55 0.28 
   Week 8 1/32 0/31 0/32 1/32 0.31 0.31 0.38 
   Week 9 0/32 0/31 0/32 0/31 - - - 
Respiratory problems (score > 2)        
   Week 1 0/32 0/32 0/32 0/32 - - - 
   Week 2 0/32 0/31 0/32 0/32 - - - 
   Week 3 0/32 0/31 0/32 0/32 - - - 
   Week 4 0/32 1/31 0/32 1/32 0.31 0.31 0.38 
   Week 5 1/32 0/31 1/32 0/32 0.31 0.31 0.38 
   Week 6 0/32 0/31 0/32 0/32 - - - 
   Week 7 1/32 1/31 1/32 1/32 0.99 0.99 0.56 
   Week 8 0/32 0/31 0/32 0/32 - - - 
   Week 9 2/32 5/31 6/32 1/31 0.23 0.05 0.02 
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Table 2.12. The logistic model for scours and medication occurrence for calves fed milk replacer (MR) and 
starter grain (G) containing either sulfate (S) or hydroxy (H) sources of trace minerals. 
Variable Treatment comparison1 Coefficient SEM Odds ratio 95% CI P-Value 
Medicated2       
 H-S (MR) -0.63 0.39 0.53 0.24-1.15 0.11 
 HS-SS -1.09 0.59 0.34 0.10-1.08 0.07 
 HS-SH -1.13 0.59 0.32 0.10-1.04 0.06 
Scours occurence3       
 H-S (MR) -0.59 0.24 0.56 0.35-0.90 0.02 
 HS-SS -0.79 0.35 0.45 0.22-0.92 0.03 
 HS-SH -0.88 0.35 0.41 0.20-0.84 0.01 
All other comparisons were non-significant (P > 0.15) 
1 Treatments were: SS = S MR, S G; SH = S MR, H G; HS = H MR, S G; HH = H MR, H G. 
2 Weeks 1-9 were included in treatment comparisons. 
3 Weeks 1-3 were included in treatment comparisons. 
Odds ratio (OR) indicates the probability of the first treatment in the comparison to the second treatment.  If the OR 
is greater than 1, the first treatment is more likely to have the event in question happen over the second treatment 
by a factor of the difference above 1.  If the OR is less than 1, the first treatment has a lower probability of occurring 
over the second treatment. 
 
 
Table 2.13. Poisson regression for days with scours (fecal score > 2) and medication 
occurrence for calves fed milk replacer (MR) and starter grain (G) containing either 
sulfate (S) or hydroxy (H) sources of trace minerals. 
1 Treatments were: SS = S MR, S G; SH = S MR, H G; HS = H MR, S G; HH = H MR, H G. 
2 Weeks 1 to 9 were included in treatment comparisons. 
3 Treatment SS used as referent for all treatment comparisons made. 
4 Weeks 1 to 3 were included in treatment comparisons. 
 
Variable Treatment1 Coefficient Days  SEM 95% CI P-Value 
Days medicated2 SS3  0.22 1.25 0.22 0.81-1.94 - 
 SH 0.17 1.19 0.32 0.41-3.45 0.87 
 HS -0.83 0.44 0.44 0.12-1.60 0.02 
 HH 0.22 1.25 0.32 0.43-3.60 0.99 
       
Days with scours4 SS3 0.84 2.31 0.16 1.68-3.19 - 
 SH 0.81 2.25 0.23 1.03-4.91 0.91 
 HS 0 1.00 0.30 0.40-2.48 <0.01 
 HH 0.49 1.62 0.26 0.71-3.70 0.17 
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APPENDIX A 
This appendix contains the least squares means for the four treatments used in this experiment.  Treatment least squares means were 
obtained from output produced by the same corresponding statistical models discussed in the materials and methods.  Furthermore, P-
values of all main effects and interactions from each statistical model are shown in each table. 
Table A.1. Intakes of dry matter (DM), crude protein (CP), metabolizable energy (ME), zinc, copper, and manganese from wk 1 to 9 for calves 
fed milk replacer (MR) and starter (G) treatments containing either sulfate (S) or hydroxy (H) sources of trace minerals. 
    P-Value 
 Treatment1   Main effects Interactions 
Variable SS SH HS HH SEM Cov2 MR G Time MR×G 
MR× 
Time 
G× 
Time 
MR×G× 
Time 
Milk replacer DM, g/d 753.5 754.6 756.8 755.6 1.5 0.08 0.15 0.96 <0.01 0.44 0.37 0.86 0.42 
Milk replacer CP, g/d 222.9 223.2 224.2 223.9 0.5 0.08 0.03 0.92 <0.01 0.48 0.14 0.88 0.47 
Milk replacer ME, 
Mcal/d 
3.42 3.42 3.42 3.41 0.01 0.08 0.30 0.97 <0.01 0.43 0.54 0.86 0.41 
Starter DM, g/d 1080.5 1083.3 1221.9 1151.3 67.5 <0.01 0.13 0.62 <0.01 0.59 0.82 0.82 0.88 
Starter CP, g/d 241.2 279.5 306.8 296.6 16.5 <0.01 0.12 0.96 <0.01 0.59 0.87 0.92 0.90 
Starter ME, Mcal/d 3.68 3.72 4.16 3.96 0.23 <0.01 0.13 0.72 <0.01 0.60 0.82 0.85 0.88 
Total DM, g/d 1666.5 1669.8 1810.4 1739.7 67.5 <0.01 0.12 0.62 <0.01 0.59 0.83 0.81 0.89 
Total CP, g/d 444.6 453.0 481.2 471.1 16.7 <0.01 0.11 0.96 <0.01 0.59 0.88 0.92 0.90 
Total ME, Mcal/d 6.34 6.38 6.82 6.61 0.23 <0.01 0.13 0.71 <0.01 0.59 0.84 0.86 0.90 
Total zinc, mg/d 185.4a 228.7bc 210.6ab 252.9c 10.1 <0.01 0.01 
<0.0
1 
<0.01 0.95 0.52 <0.01 0.99 
Total copper, mg/d 38.3 38.9 43.1 42.8 1.9 <0.01 0.02 0.94 <0.01 0.79 0.32 0.91 0.98 
Total manganese, mg/d 130.2 137.3 147.4 151.8 6.0 <0.01 0.01 0.32 <0.01 0.82 0.44 0.75 0.98 
1 Treatments include: SS= S MR, S G; SH= S MR, H G; HS= H MR, S G; HH= H MR, H G. 
2 Covariate parameter P-value associated with given variable. 
a-c Within a row, means without a common superscript are different (P < 0.05).  
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Table A.2. Intakes of dry matter (DM), crude protein (CP), and metabolizable energy (ME) during the liquid feeding (0 to 4 wk), weaning (5 
to 7 wk), and post-weaned (8 and 9 wk) periods for calves fed milk replacer (MR) and starter grain (G) treatments containing either sulfate (S) 
or hydroxy (H) sources of trace minerals. 
    P-Value 
 Treatment1   Main effects Interaction 
Variable and period SS SH HS HH SEM Cov2 MR G Time MR×G 
MR× 
Time 
G× 
Time 
MR×G 
×Time 
Milk replacer DM, g/d    
  Liquid 
  Weaning  
  Post-weaning 
 
810.1 
677.8 
- 
 
813.6 
676.4 
- 
 
817.2 
676.3 
- 
 
813.8 
677.6 
- 
 
2.4 
1.0 
- 
 
NS 
NS 
- 
 
0.14 
0.88 
- 
 
0.99 
0.93 
- 
 
<0.01 
<0.01 
- 
 
0.16 
0.17 
- 
 
0.43 
0.47 
- 
 
0.68 
0.25 
- 
 
0.56 
0.60 
- 
Milk replacer CP, g/d 
  Liquid 
  Weaning  
  Post-Weaning 
 
239.9 
200.3 
- 
 
240.8 
199.9 
- 
 
242.4 
200.0 
- 
 
241.4 
200.4 
- 
 
0.7 
0.3 
- 
 
NS 
NS 
- 
 
0.03 
0.78 
- 
 
0.91 
0.96 
- 
 
<0.01 
<0.01 
- 
 
0.18 
0.25 
- 
 
0.31 
0.40 
- 
 
0.71 
0.28 
- 
 
0.58 
0.60 
- 
Milk replacer ME, 
Mcal/d 
  Liquid 
  Weaning  
  Post-weaning 
 
3.68 
3.07b 
- 
 
3.69 
3.07ab 
- 
 
3.69 
3.05a 
- 
 
3.68 
3.06ab 
- 
 
0.01 
0.004 
- 
 
NS 
NS 
- 
 
0.80 
<0.0
1 
- 
 
0.97 
0.99 
- 
 
<0.01 
<0.01 
- 
 
0.16 
0.16 
- 
 
0.51 
0.64 
- 
 
0.69 
0.25 
- 
 
0.56 
0.62 
- 
Starter DM, g/d   
  Liquid 
  Weaning  
  Post-weaning 
 
189.1 
1090.2 
2848.9 
 
154.7 
1131.3 
2863.7 
 
225.2 
1259.0 
3158.4 
 
231.8 
1194.6 
2923.0 
 
33.6 
96.8 
139.4 
 
<0.01 
<0.01 
0.03 
 
0.10 
0.24 
0.20 
 
0.68 
0.91 
0.44 
 
<0.01 
<0.01 
<0.01 
 
0.55 
0.56 
0.38 
 
0.26 
0.78 
0.51 
 
0.23 
0.94 
0.18 
 
0.20 
0.76 
0.98 
Starter CP, g/d 
  Liquid 
  Weaning  
  Post-weaning 
 
48.6 
276.2 
709.1 
 
39.3 
285.3 
750.0 
 
57.9 
319.1 
786.1 
 
59.1 
301.3 
765.4 
 
8.5 
24.4 
35.2 
 
<0.01 
<0.01 
0.03 
 
0.10 
0.24 
0.20 
 
0.64 
0.86 
0.78 
 
<0.01 
<0.01 
<0.01 
 
0.55 
0.59 
0.39 
 
0.25 
0.78 
0.59 
 
0.22 
0.93 
0.53 
 
0.19 
0.75 
0.95 
Starter ME, Mcal/d    
  Liquid 
  Weaning 
  Post-weaning 
 
0.64 
3.71 
9.71 
 
0.54 
3.87 
9.85 
 
0.77 
4.29 
10.77 
 
0.81 
4.09 
10.06 
 
0.11 
0.33 
0.48 
 
<0.01 
<0.01 
0.03 
 
0.09 
0.24 
0.20 
 
0.78 
0.95 
0.56 
 
<0.01 
<0.01 
<0.01 
 
0.53 
0.59 
0.38 
 
0.25 
0.78 
0.51 
 
0.17 
0.93 
0.20 
 
0.18 
0.76 
0.98 
1Treatments include: SS= S MR, S G; SH= S MR, H G; HS= H MR, S G; HH= H MR, H G. 
2 Covariate parameter P-value associated with given variable. 
a-b Within a row, means without a common superscript are different (P < 0.05).  
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Table A.3. Intakes of total dry matter (DM), crude protein (CP), and metabolizable energy (ME)  during the liquid feeding (0 to 4 wek), weaning 
(5 to 7 wk), and post-weaned (8 and 9 wk) periods for calves fed milk replacer (MR) and starter grain (G) treatments containing either sulfate (S) 
or hydroxy (H) sources of trace minerals. 
    P-Value 
 Treatment1   Main effects Interactions 
Variable and period SS SH HS HH SEM Cov2 MR G Time MR×G 
MR× 
Time 
G× 
Time 
MR×G 
×Time 
Total DM, g/d 
  Liquid 
  Weaning  
  Post-weaning 
 
999.3 
1768.1 
2848.9 
 
967.7 
1807.5 
2863.7 
 
1042.4 
1935.3 
3158.4 
 
1045.7 
1872.2 
2923.0 
 
33.8 
96.7 
139.4 
 
<0.01 
<0.01 
0.03 
 
0.08 
0.24 
0.20 
 
0.68 
0.90 
0.44 
 
<0.01 
<0.01 
<0.01 
 
0.61 
0.61 
0.38 
 
0.27 
0.79 
0.51 
 
0.26 
0.93 
0.18 
 
0.24 
0.77 
0.98 
Total CP, g/d 
  Liquid 
  Weaning  
  Post-weaning 
 
288.5 
476.5 
709.0 
 
279.8 
485.3 
750.0 
 
300.3 
519.1 
786.1 
 
300.5 
501.7 
765.4 
 
8.6 
24.3 
35.2 
 
<0.01 
<0.01 
0.03 
 
0.07 
0.24 
0.20 
 
0.63 
0.86 
0.78 
 
<0.01 
<0.01 
<0.01 
 
0.61 
0.60 
0.39 
 
0.27 
0.80 
0.59 
 
0.21 
0.93 
0.53 
 
0.23 
0.77 
0.95 
Total ME, Mcal/d 
  Liquid 
  Weaning 
  Post-weaning 
 
4.32 
6.79 
9.71 
 
4.23 
6.94 
9.85 
 
4.5 
7.3 
10.8 
 
4.48 
7.14 
10.06 
 
0.1 
0.3 
0.5 
 
<0.01 
<0.01 
0.03 
 
0.10 
0.26 
0.20 
 
0.77 
0.95 
0.58 
 
<0.01 
<0.01 
<0.01 
 
0.60 
0.61 
0.38 
 
0.28 
0.79 
0.51 
 
0.16 
0.93 
0.20 
 
0.23 
0.77 
0.98 
Total zinc, ppm/d 
  Liquid 
  Weaning3 
  Post-weaning 
 
79.1 
180.6 
384.8 
 
81.5 
228.4 
500.8 
 
93.4 
212.9 
428.3 
 
102.7 
249.0 
535.8 
 
5.3 
1.14 
18.8 
 
<0.01 
<0.01 
0.01 
 
<0.01 
0.07 
0.03 
 
0.26 
0.01 
<0.0
1 
 
<0.01 
<0.01 
<0.01 
 
0.51 
0.56 
0.81 
 
0.13 
0.04 
0.57 
 
0.34 
0.51 
0.66 
 
0.19 
0.94 
0.80 
Total copper, ppm/d 
  Liquid 
  Weaning 
  Post-weaning 
 
13.5 
40.4 
85.5 
 
12.7 
41.3 
87.6 
 
15.6 
45.0 
95.2 
 
15.9 
44.9 
93.9 
 
1.1 
2.9 
3.7 
 
<0.01 
<0.01 
0.01 
 
0.01 
0.14 
0.03 
 
0.78 
0.88 
0.92 
 
<0.01 
<0.01 
<0.01 
 
0.61 
0.85 
0.64 
 
0.19 
0.37 
0.58 
 
0.33 
0.98 
0.25 
 
0.22 
0.96 
0.85 
Total manganese, 
ppm/d 
  Liquid 
  Weaning 
  Post-weaning 
 
55.9 
138.3 
269.4 
 
54.1 
146.6 
289.3 
 
65.3 
155.1 
299.9 
 
67.0 
160.5 
310.0 
 
3.4 
9.3 
12.0 
 
<0.01 
<0.01 
0.01 
 
<0.01 
0.09 
0.03 
 
0.99 
0.45 
0.20 
 
<0.01 
<0.01 
<0.01 
 
0.60 
0.87 
0.67 
 
0.15 
0.38 
0.58 
 
0.45 
0.82 
0.41 
 
0.22 
0.96 
0.84 
1Treatments include: SS= S MR, S G; SH= S MR, H G; HS= H MR, S G; HH= H MR, H G. 
2 Covariate parameter P-value associated with given variable. 
3 Means estimated by logarithmic transformation. 
4 Back transformed standard error.  
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Table A.4. Initial body weight (BW), final BW, and final body confirmation measurements for calves fed milk 
replacer (MR) and starter grain (G) treatments containing either sulfate (S) or hydroxy (H) sources of trace minerals. 
    P-Value 
 Treatment1   Main effects Interaction 
Variable SS SH HS HH SEM Cov2 MR G MR×G 
Initial BW, kg 41.91 43.05 42.10 41.32 1.49 NS 0.61 0.90 0.53 
Final BW, kg 96.97 99.36 100.3 100.7 2.62 <0.01 0.37 0.62 0.74 
Body length, cm 91.9 93.3 93.3 92.9 1.0 <0.01 0.65 0.68 0.39 
Heart girth, cm 107.2 107.3 108.2 108.2 0.9 <0.01 0.32 0.99 0.99 
Withers height, cm 93.3 92.7 94.8 94.3 0.6 <0.01 0.02 0.44 0.93 
Hip height, cm 97.8 98.4 99.4 98.2 0.7 <0.01 0.33 0.71 0.22 
Hip width, cm 28.0 28.0 28.2 28.1 0.5 <0.01 0.72 0.86 0.90 
1Treatments include: SS= S MR, S G; SH= S MR, H G; HS= H MR, S G; HH= H MR, H G. 
2 Covariate parameter P-value associated with given variable. 
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Table A.5. Body weight (BW), average daily gain (ADG), feed efficiency (gain-to-feed ratio),  body measurements, and ADG of body 
measurements from wk 1-9 for calves fed milk replacer (MR) and starter grain (G) treatments containing either sulfate (S) or hydroxy (H) sources 
of trace minerals. 
    P-Value 
 Treatment1   Main effects Interactions 
Variable SS SH HS HH SEM Cov2 MR G Time MR×G 
MR× 
Time 
G× 
Time 
MR×G 
×Time 
Mean BW, kg 68.67 69.38 70.88 70.98 1.26 <0.01 0.14 0.75 <0.01 0.81 0.99 0.51 0.99 
ADG, g/d 872.3 895.1 925.1 927.2 43.5 NS 0.34 0.78 <0.01 0.81 0.99 0.28 0.99 
Gain to feed3 0.51 0.51 0.49 0.57 1.064 0.02 0.48 0.14 <0.01 0.22 0.90 0.32 0.44 
Body length, cm 84.0 83.8 84.3 83.2 0.6 <0.01 0.82 0.29 <0.01 0.43 0.08 0.50 0.46 
   Body length ADG, cm/d 0.32 0.33 0.34 0.33 0.03 0.01 0.78 0.99 <0.01 0.65 0.12 0.26 0.35 
Heart girth, cm 93.8 93.2 94.4 94.2 0.6 <0.01 0.14 0.49 <0.01 0.74 0.58 0.96 0.64 
   Heart girth ADG, cm/d 0.44 0.44 0.45 0.45 0.02 0.02 0.55 0.94 <0.01 0.83 0.46 0.85 0.18 
Withers height, cm 86.8ab 85.9a 87.8b 86.6ab 0.4 <0.01 0.06 0.02 <0.01 0.76 0.13 0.36 0.78 
   Withers height ADG, cm/d 0.23 0.22 0.25 0.24 0.02 0.02 0.13 0.50 <0.01 0.98 0.11 0.01 0.82 
Hip height, cm 91.1 90.7 91.6 90.9 0.4 <0.01 0.46 0.21 <0.01 0.77 0.92 0.77 0.01 
   Hip height ADG, cm/d 0.23 0.24 0.26 0.24 0.02 NS 0.58 0.74 <0.01 0.37 0.91 0.50 <0.01 
Hip width, cm 25.3 25.4 25.5 25.4 0.2 <0.01 0.47 0.87 <0.01 0.74 0.83 0.76 0.80 
   Hip width ADG, cm/d 0.10 0.10 0.10 0.10 0.01 NS 0.65 0.75 <0.01 0.97 0.95 0.66 0.89 
1Treatments include: SS= S MR, S G; SH= S MR, H G; HS= H MR, S G; HH= H MR, H G. 
2 Covariate parameter P-value associated with given variable. 
3 Means estimated by logarithmic transformation. 
4 Back transformed standard error. 
a-b Within a row, means without a common superscript are different (P < 0.05).  
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Table A.6. Body weight and body measurements during the liquid feeding (0 to 4 wk), weaning (5 to 7 wk), and post-weaned (8 and 9 wk) periods 
for calves fed milk replacer (MR) and starter grain (G) treatments containing either sulfate (S) or hydroxy (H) sources of trace minerals.  
    P-Value 
 Treatment1   Main effects Interactions 
Variable and phase SS SH HS HH SEM Cov2 MR G Time MR×G 
MR× 
Time 
G× 
Time 
MR×G 
×Time 
Body weight, kg 
  Liquid 
  Weaning  
  Post-weaning 
 
52.55 
74.34 
92.41 
 
52.50 
74.93 
95.07 
 
53.91 
77.05 
95.55 
 
54.12 
76.30 
97.06 
 
0.78 
1.38 
2.45 
 
<0.01 
<0.01 
<0.01 
 
0.07 
0.15 
0.30 
 
0.92 
0.95 
0.40 
 
<0.01 
<0.01 
<0.01 
 
0.87 
0.64 
0.82 
 
0.39 
0.99 
0.88 
 
0.73 
0.85 
0.38 
 
0.30 
0.92 
0.72 
ADG, g/d 
  Liquid 
  Weaning  
  Post-weaning 
 
643.3 
974.8 
1176.6 
 
658.0 
912.2 
1338.3 
 
729.5 
990.4 
1218.1 
 
716.4 
946.7 
1306.3 
 
39.0 
74.0 
188.4 
 
NS 
NS 
NS 
 
0.07 
0.74 
0.98 
 
0.98 
0.48 
0.52 
 
<0.01 
<0.01 
0.62 
 
0.72 
0.90 
0.85 
 
0.27 
0.97 
0.92 
 
0.67 
0.95 
0.06 
 
0.22 
0.84 
0.88 
Gain to feed 
  Liquid3 
  Weaning3 
  Post-weaning 
 
0.57 
0.57ab 
0.44 
 
0.61 
0.50ab 
0.47 
 
0.63 
0.46a 
0.39 
 
0.64 
0.64b 
0.42 
 
1.084 
1.104 
0.06 
 
NS 
0.04 
NS 
 
0.28 
0.86 
0.38 
 
0.53 
0.28 
0.61 
 
<0.01 
<0.01 
0.06 
 
0.72 
0.01 
0.96 
 
0.49 
0.91 
0.66 
 
0.50 
0.09 
0.11 
 
0.91 
0.24 
0.77 
Length, cm 
  Liquid 
  Weaning  
  Post-weaning 
 
78.2 
86.3 
91.9 
 
78.2 
86.1 
91.8 
 
77.5 
87.4 
93.1 
 
76.7 
86.0 
92.0 
 
0.6 
0.6 
0.9 
 
<0.01 
<0.01 
<0.01 
 
0.07 
0.44 
0.45 
 
0.47 
0.23 
0.57 
 
<0.01 
<0.01 
<0.01 
 
0.49 
0.38 
0.60 
 
0.49 
0.65 
0.54 
 
0.45 
0.82 
0.05 
 
0.59 
0.08 
0.39 
Heart girth, cm 
  Liquid 
  Weaning  
  Post-weaning 
 
86.2 
96.4 
105.0 
 
85.2 
95.7 
105.1 
 
86.0 
97.7 
106.3 
 
86.1 
97.2 
106.2 
 
0.5 
0.7 
0.8 
 
<0.01 
<0.01 
<0.01 
 
0.45 
0.04 
0.17 
 
0.35 
0.40 
0.98 
 
<0.01 
<0.01 
<0.01 
 
0.24 
0.91 
0.87 
 
0.96 
0.31 
0.54 
 
0.46 
0.92 
0.86 
 
0.68 
0.31 
0.91 
Withers height, cm 
  Liquid 
  Weaning  
  Post-weaning 
 
82.6 
88.7 
92.5 
 
81.9 
87.6 
91.6 
 
83.4 
89.8 
93.5 
 
82.2 
88.4 
92.9 
 
0.4 
0.5 
0.6 
 
<0.01 
<0.01 
<0.01 
 
0.21 
0.07 
0.04 
 
0.03 
0.02 
0.17 
 
<0.01 
<0.01 
<0.01 
 
0.58 
0.76 
0.78 
 
0.41 
0.50 
0.05 
 
0.63 
0.05 
0.23 
 
0.80 
0.16 
0.72 
Hip height, cm 
  Liquid 
  Weaning  
  Post-weaning 
 
86.7 
93.2 
96.9 
 
86.0 
92.8 
97.0 
 
86.8 
93.8 
97.7 
 
86.5 
92.7 
97.1 
 
0.4 
0.6 
0.6 
 
<0.01 
<0.01 
<0.01 
 
0.46 
0.63 
0.43 
 
0.24 
0.18 
0.67 
 
<0.01 
<0.01 
<0.01 
 
0.55 
0.51 
0.52 
 
0.65 
0.84 
0.40 
 
0.91 
0.19 
0.95 
 
0.05 
0.08 
0.08 
Hip width, cm 
  Liquid 
  Weaning  
  Post-weaning 
 
23.5 
26.3 
27.1 
 
23.5 
26.5 
27.3 
 
23.5 
26.6 
27.9 
 
23.6 
26.5 
27.6 
 
0.2 
0.2 
0.3 
 
<0.01 
<0.01 
<0.01 
 
0.74 
0.72 
0.28 
 
0.99 
0.79 
0.54 
 
<0.01 
<0.01 
<0.01 
 
0.84 
0.44 
0.71 
 
0.69 
0.69 
0.46 
 
0.29 
0.29 
0.64 
 
0.36 
0.23 
0.79 
1 Treatments include: SS= S MR, S G; SH= S MR, H G; HS= H MR, S G; HH= H MR, H G. 
2 Covariate parameter P-value associated with given variable. 
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Table A.6. (cont.) 
3 Means estimated by logarithmic transformation. 
4 Back transformed standard error. 
a-b Within a row, means without a common superscript are different (P < 0.05).  
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Table A.7. Plasma concentrations of albumin, total protein, zinc, copper, and manganese for calves fed milk replacer (MR) and starter grain (G) 
containing either sulfate (S) or hydroxy (H) sources of trace minerals1. 
    P-Value  
 Treatments2  Main effects Interactions 
Variable SS SH HS HH SEM MR G Time MR×G MR×Time G×Time 
MR×G 
×Time 
Overall albumin, g/dL 3.03 3.03 3.02 2.98 0.04 0.48 0.57 <0.01 0.65 0.28 0.99 0.37 
   Day 14 2.85 2.78 2.71 2.73 0.06 0.10 0.63 - 0.33 - - - 
   Day 28 2.93 2.97 2.98 2.89 0.06 0.81 0.70 - 0.75 - - - 
   Day 56 3.31 3.33 3.38 3.32 0.06 0.69 0.76 - 0.87 - - - 
             
Overall total protein, g/dL 5.59 5.72 5.72 5.58 0.08 0.93 0.97 <0.01 0.11 0.31 0.65 0.04 
   Day 14 5.55 5.49 5.41 5.48 0.11 0.51 0.96 - 0.84 - - - 
   Day 28 5.19 5.51 5.40 5.19 0.11 0.60 0.63 - 0.12 - - - 
   Day 56 6.03 6.16 6.34 6.08 0.11 0.31 0.53 - 0.21 - - - 
             
Overall zinc µg/mL 1.20 1.28 1.34 1.34 0.04 0.02 0.33 0.04 0.32 0.73 0.60 0.33 
   Day 14 1.25 1.40 1.39 1.37 0.06 0.36 0.30 - 0.31 - - - 
   Day 28 1.18 1.24 1.38 1.29 0.06 0.05 0.90 - 0.15 - - - 
   Day 56 1.18 1.21 1.24 1.34 0.06 0.13 0.35 - 0.32 - - - 
             
Overall copper, µg/mL 0.83 0.85 0.81 0.80 0.03 0.24 0.73 <0.01 0.72 0.21 0.48 0.81 
   Day 14 0.94 0.93 0.89 0.88 0.04 0.22 0.81 - 0.66 - - - 
   Day 28 0.84 0.87 0.80 0.77 0.04 0.09 0.99 - 0.36 - - - 
   Day 56 0.71 0.77 0.73 0.76 0.04 0.88 0.29 - 0.75 - - - 
             
Overall manganese, ng/mL 3.10 3.34 3.29 2.93 0.21 0.59 0.77 <0.01 0.16 0.16 0.52 0.64 
   Day 14 2.57 2.87 3.17 3.17 0.36 0.21 0.67 - 0.59 - - - 
   Day 28 2.79 3.02 2.51 2.40 0.36 0.21 0.87 - 0.62 - - - 
   Day 56 3.95 4.13 4.19 3.22 0.36 0.35 0.28 - 0.20 - - - 
1 Blood was taken immediately before feeding on d 14, 28, and 56. 
2 Treatments include: SS= S MR, S G; SH= S MR, H G; HS= H MR, S G; HH= H MR, H G.  
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Table A.8. Plasma concentrations of glucose, non-esterified fatty acids (NEFA), and urea N in calves fed milk replacer (MR) and starter grain 
(G) containing either sulfate (S) or hydroxy (H) sources of trace minerals1. 
    P-Value 
 Treatments2   Main effects Interactions 
Variable SS SH HS HH SEM Cov3 MR G Time MR×G 
MR× 
Time 
G× 
Time 
MR×G
×Time 
Overall glucose, mg/dL 96.06 100.12 100.10 97.71 2.56 <0.01 0.74 0.74 <0.01 0.20 0.55 0.37 0.66 
   Day 14 104.81 103.51 105.99 101.61 3.80  0.92 0.46 - 0.87 - - - 
   Day 28 106.91 113.13 116.31 111.25 3.77  0.33 0.88 - 0.36 - - - 
   Day 56 76.46 83.71 78.02 80.28 3.81  0.81 0.22 - 0.57 - - - 
              
Overall NEFA, mEq/L 0.13 0.13 0.14 0.15 0.01 <0.01 0.05 0.36 <0.01 0.36 0.84 0.36 0.42 
   Day 14 0.15 0.16 0.18 0.18 0.02  0.20 0.70 - 0.55 - - - 
   Day 28 0.16 0.14 0.16 0.17 0.02  0.54 0.63 - 0.78 - - - 
   Day 56 0.06 0.07 0.07 0.11 0.02  0.15 0.11 - 0.09 - - - 
              
Overall urea N, mg/dL 21.78 21.71 22.14 21.36 0.70 <0.01 0.99 0.54 <0.01 0.60 0.18 0.70 0.30 
   Day 14 24.91 24.20 23.64 22.47 1.12  0.19 0.41 - 0.47 - - - 
   Day 28 22.22 24.12 25.19 23.88 1.13  0.23 0.79 - 0.31 - - - 
   Day 56 18.20 16.81 17.61 17.73 1.16  0.89 0.58 - 0.86 - - - 
1 Blood was taken 4 hours post feeding on d 14, 28, and 56. 
2 Treatments include: SS= S MR, S G; SH= S MR, H G; HS= H MR, S G; HH= H MR, H G. 
3 Covariate parameter P-value associated with given variable.  
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Table A.9. Frequency of electrolyte administration and health events for calves fed milk replacer (MR) 
and starter grain (G) containing either sulfate (S) or hydroxy (H) sources of trace minerals. 
 Treatments1  P-Value 
Variable SS SH HS HH  Trt 
Calves that received electrolytes       
Week 1 0/16 1/16 1/16 1/16  0.79 
Week 2 5/16 3/15 0/16 5/16  0.09 
Week 3 6/16 3/15 2/16 1/16  0.12 
Scours (Fecal score > 2)       
Week 1 4/16 10/16 5/16 8/16  0.12 
Week 2 9/16 7/15 4/16 7/16  0.35 
Week 3 5/16 3/15 1/16 6/16  0.16 
Week 4 0/16 0/15 0/16 0/16  - 
Week 5 1/16 2/15 2/16 3/16  0.77 
Week 6 2/16 0/15 1/16 2/16  0.51 
Week 7 1/16 1/15 0/16 1/16  0.79 
Week 8 1/16 1/15 0/16 0/16  0.56 
Week 9 0/16 1/15 0/16 1/15  0.56 
Medication administered       
Week 1 1/16 3/16 3/16 3/16  0.70 
Week 2 6/16 6/15 2/16 5/16  0.36 
Week 3 5/16 2/15 0/16 2/16  0.09 
Week 4 0/16 0/15 1/16 0/16  0.38 
Week 5 0/16 0/15 0/16 0/16  - 
Week 6 0/16 0/15 0/16 0/16  - 
Week 7 0/16 1/15 2/16 0/16  0.28 
Week 8 0/16 1/15 0/16 0/16  0.38 
Week 9 0/16 0/15 0/16 0/15  - 
Respiratory problems (score > 2)       
Week 1 0/16 0/16 0/16 0/16  - 
Week 2 0/16 0/15 0/16 0/16  - 
Week 3 0/16 0/15 0/16 0/16  - 
Week 4 0/16 0/15 0/16 1/16  0.38 
Week 5 1/16 0/15 0/16 0/16  0.38 
Week 6 0/16 0/15 0/16 0/16  - 
Week 7 0/16 1/15 1/16 0/16  0.56 
Week 8 0/16 0/15 0/16 0/16  - 
Week 9 1/16 1/15 5/16 0/15  0.02 
1 Treatments include: SS= S MR, S G; SH= S MR, H G; HS= H MR, S G; HH= H MR, H G.
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APPENDIX B 
Figure B.1 presents a cost analysis of 5 different programs that can be used to supplement Zn, Cu, and Mn to dairy calves.  The first 
program supplements these trace minerals exclusively from a sulfate source while the second supplements exclusively from an organic 
chelate source.  The third program utilizes a blend where sulfate sourced trace minerals make up 75% of the supplementation and 
organic chelates make up 25%.  Both the fourth and fifth programs utilize hydroxy sourced trace minerals, supplemented at 100% and 
80%, respectively.  The costs shown indicate how much the program would cost for each calf over a 56 day pre-weaning period. 
Figure B.1. Cost analysis of 5 trace mineral programs varying in the source of supplementation of Zn, Cu, 
and Mn. 
 
1 Mineral costs determined using the following assumptions: 
  1) Calves fed an average of 1.3 kg of DMI/d to allow for an average of 900 g/d of gain. 
  2) Supplementation is done at 125% of NRC recommendations which includes 50 ppm of Zn, 50 ppm of Mn, and 
12.5 ppm of Cu. 
  3) Cost of minerals determined using price chart obtained from Micronutrients’ IntelliBond Presentation, 2014.  
Chart displayed cost per ton of feed to formulate one pound of mineral in elemental form.  
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THESIS CONCLUSIONS 
With increasing utilization of accelerated feeding programs for dairy calves, the potential need 
for more bioavailable trace minerals in the diet has become more apparent.  Optimization and 
efficient use of macronutrients from the diet are dependent on the availability of trace minerals in 
the calf, which aid in the metabolism and utilization of these macronutrients.  Additionally, a 
strong immune system capable of defending against pathogens and other stressors relies on the 
availability of trace minerals in the calf.  Results from previous studies have demonstrated 
increased bioavailability of hydroxy sourced trace minerals when compared with inorganic and 
organically sourced counterparts.  This increased bioavailability has led to improved health, 
growth, and even milk production in lactating cows.  However, the success of these hydroxy 
trace minerals has only been seen in other species or older, mature cattle.  Until the current study, 
few data exist on the effects of hydroxy trace minerals in dairy calves.  When hydroxy trace 
minerals were supplemented in milk replacer, calves exhibited a tendency to consume more 
starter grain and improve their total dry matter intake.  Furthermore, calves consuming milk 
replacer supplemented with hydroxy milk replacer were taller at the end of the trial. Overall 
plasma concentration of zinc was higher in calves consuming milk replacer supplemented with 
hydroxy trace minerals; however, this result is confounded with the increase concentration of 
trace minerals in the milk replacer and starter grain containing the hydroxy source.  Future 
research must ensure that the concentration of trace minerals in the feeds are equivalent in order 
to evaluate the true bioavailability of different sources.  Differences aside, calves consuming 
hydroxy MR had a significant reduction in scours and tended to have a reduction in the amount 
of medication used.  Ultimately, supplementation of hydroxy trace minerals seems to promote a 
healthier calf that is able to utilize nutrients for growth rather than fighting disease.  Further 
Mineral Cost 
(Calf for 56 days) 
      $0.04 
$0.09 
$0.06 
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studies should be conducted to assess if hydroxy sourced trace minerals are more bioavailable 
than other sources in dairy calves.   
